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PREFACE 



V/ich the (.'irended a^n lA polj'phtue oiieriuiiing carr^nu for the 
r ran 5111154 ijin and disCribiTlion oi electnr powei, [h<"re w»->iild teem To 
lie a ili'manij for :i hnok IrtiiciEe of int rheorenral crinairieraiintis 
JDvolvcJ in poLypliuic AOrkJut in such a raflcner u nj tuirijnend 
itself Eo praciicAl enginccra And thus: ^tludcoti nlio aie withiiul 
the ma.lhcnialical knanJcdg? required for the 5lnd^ ''i the moie 
adv[Lni:]ed morki on the subject. 

The auihar has adopted i nnn-nuChemalicaL IreatniPnt rjl Ihe 
iuhjpci Qiroughaut, but hat made pxrensive use of graphical toeihods. 
The mtroducLoiy chapters lie wrkleii wllh ihe objecL of ecplaiincig 
the use of vcctois in solvir-H BUcmo-dnE-current problccnsr bjiA also 
for the parpoiP of draiviri£ alCerlion lo the chief poinlj of ditlercnce 
beEMflen aliomMing and coiLimuoafi cmrentfi of electricils'- h should, 
Iherefrjre, he pai&ibl^ iar ar.v stuilenl nr engineer with n fair 
krowiedi^tf of cDniinaDTu-TEirrent wor^ng, bui wjih only a supErftciil 
aCLiiiaiiiianiif with aktrniidiiE cDiienis^ Eu obisin a. ihufcugh 
gio'JEiding in cLe piiaciplea uudeilving pulv[]h:ksc WDikuig, piovidcd 
be will lake the trouhlE to master the contents of 'be iitsl two 
chnpteK. 

The f^iv nQies added af iJie end of ihe bai.-]^. in the form cJ an 
spiwrdu. deal wUb ceilflifi maifer^ refptred to in the Ifxt, but 
which jkLC Jiot esaciLlia] <cj llie M:hcitie uf die bai.jk, or Co [he 
clDL'idarJon [?f ifubsci^utrjt chaplcrs, 

|i may he arged that ihe subject of eloclrc power tfaasmiBEioD 
ha.\ betin givea luidnc ptomxnencv ; but lh« mason fur the somewhai 
dixprcporE^nale Ifngrh nl' ihis cefLiun is thar the luink ha? nol 
been primarily wrinen far ihe use of d^Ti£figrs of polypbast^ 
in4ti:hincry {for thp^c ninsl have a very ihaTuiJtjh and dculled Kpuw- 
Icdi-ir of tht SQbiccl), buL rather fiii the wjff/-, ui the L:ngiiLCE:r who 
hag iij Iny out and to work coniplct*] polj^phoat acheincg. If cxocl 
dcliiils are required of any pofticular pii*ce of polyphase niachinery, 
|hL> informfltioD can always be obtained frnm [be maken of ihe 
pbn[, 

A^jiin. Itelvin's law and the principles ilectnniiilnE the nnjai 
cc-iiHimic-iL scclion of conductors arc discussed at some Icncth, nor 
only btcfliise they have a very iiAiporLnnc bearing on the subiecl of 
polv^ihase tran&mi&sion of power, but aijo because they da noL 
apiK-itr to he genemlly undent nnd. These quettiou*; hare been 
ire^ied in .1 nDn-rnQthemntico] manner; but ihe main pnlnt^ ai L<aLiF 
hn\*^ been dcaity 5la:cili and die reader ah^uld huve eim difJicuhy 
CalcuUtinir the mu^t economid,i] 51^ of ecmductar to suit any 
ivi-'n clcccnc trijnsniLaiian scheme. 

Tbtf Biithnr desires to thank the editors of the EifrMcaf Engitteer 
and Htt the Eiectrieal iCfi'ieii} fnr the loan nf blocks and iieriiiisaon 
(n teprini punii^Tis cf certsin articlea th^c hitre nppE^ircd in Ibrw 
joLirnnLs. 

El L^^UCRQ Pa-KIc, 
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CHAPTER 1. 

Kl_EWENT>^RV STL'Oy OF AlTERVATTNC CuRWHKT^. 



Iv order lo le;id Lip \o the ■subject of polyphase 
tiilcrndUng currents, it wJfJ be iidvisable Ki con^1idc^, 
iii ihc first pJace, the general principles vvhich ucderiic 
ihe workfng of al! altematini;' i^urrem^ of el&cirkitv, 
^1 bclhcr single pliase or polyphuse i Jiid it is proposfd 
!o devote ibis mid the IbllovrinH: cboplcr to itii 
elemeiiEary study of 'sincrl^-plwse cnrrents' ; the nhjeti 
being lo pctiiiL out ibe essential tiifTereiices between 
dire^rt and alternaiinf^ cvirrenis, nnd t?Kptain the 
varioiiv t'ftV(."K pcLSiliar To jflferiuiiv-Lurrtni workinj;- 

(j) Dofinitton^ — An alttmjilint: tuireiit is — as 
indicated by the name — a current wbich, instead of 
being nnidireciiciial. such as the current produced by 
i.\ battery or a continuous-current dynamo, flows first 
>n one direction ;^iid then In the opposite direction in 
regnlar succcsiion. \w olhi^r words, iL \^ a t:un"ent 
which, startinj^ EVoui i^ero value, increases in strength 
in ^ posi'rh'f direction iinriT it reacht-s it^ mnvimun 
positive \(iluc; it tbt-n dler* down to /^ero Aiiluc, iifler 
which it rises to its nia^ximum rn'^ii/hu' \aiuc, and 
iiijiiin fiill*i to zero : this process beiiifr repeated [n a 
periodic maimer- 

{2) Goo^ratloit of Alter tut tins Cvrrenta. — There 
t*i little difTt'icnce in prini:ipTe bcLween an idterniitor 
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ALTEKN'ATrNC CLtt RENTS. 



ariJ ;i dircLt-Lurreiit tlyjiamc , iL w the ri.bseni;c of 
the comiriiitBtcr in the iiltcrnatJug'-currcnt gciicrator 
whicii leads lo the current obtai^Gd from the terminals 
or collecting rin^s bcin^'^ of ihe character described 
above. Given any continuous-ciirrent generator, it 
is evidently merely necessary to replace the com- 
mutator by a couple of slip ring^s connected to 
opposite points on the armature winding, and to 
excite the field coils from a separate coathnitiLis- 
current source, in order that currents alternaLiag- 
ill direclioa may be drawn from the armature. 

There are many lype-* of <ilternalur which differ 
little in appearance from multipolar direct-current 
dynamos, and it will readily be understood that the 
number of reveisals u^ the current In a g'iven time 
will dopand upon the ^pocd of rotation of the 
armature and the number of poles In the exciCaig; 
lield. 

(3) Graphioal RepreB«atatioii of an Alter- 

Qatlng Current. — I.l'L Fi^. 1 repri^.stfiil the chart 
of a centre zero recordings ammeter, such aji mlgfht 
be used for reyisieriny the chargpe and discharge 
currents of a batterj'- On such a chart the lapse 
of time is measured horizontallvj from left to ri|rht, 
while Che slreng-th of the current is indicated by 
vertical distfinces above or below the horii^onlal 
centre line. if the distance in measiurcd adorir this 
horizontal datum Hne, thi*^ is an indication that the 
current i^ flowiu^" in a posifh'f direction, corre- 
sponding, let us say^ with a charging current ; but 
if the measurement is made hehun the datum line, 
this indicates that the current is flowing- in a 
tiCFtUive direction^ and that the battery is being 
diiichnrg^ed. 



^^^^F (jR.4PHICAL REFKE5E\TATION. 3 

R.eferring to the curve in Fifr. i, \t will be noticed 
ihaC, between tlie times indli^ated by the poinlv 
f and /| on tho datum tine, corresponding lo .1 period 
j.»f ^ hours and 3a minute*^ the charg-Lng cLirreiii 
has g-raduaEly fallen from 50 amperes down tt^ 
35 :imperes, after which it has increased in strcn§:tli, 
LiiiK Eu be entirely interrupted shortly aftL^r\^-ards 
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VlGr I. 

1 befor»; ^radunlly increasing- ag-ain, hut this time In 
1 a iti'£'ij/il'r direction — f.e.y as a discharg-in^ current. 
1 The variation of an alternaling- inrrent, both la 
stre%'th and direction, is commonly represented m a 
^in^ilar manner. Tn such a curve fis that shown in 
Fig, i. the lapse of time i*. measured — as in (he 
previous example — horizontally from loft to right, 
while the sLrength and direction of the current, at 
ajiy particular instant, are indicated by the leng^th oi 
the vertical ordinate and its position relativelv to th*i 
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.-latum line. The chief difference between this and 
the previous diagram (Fig. i) lies in the fact that, 
whereas in the first diagram we were deahng with a 
lapse of time measured by hours, the total horis^ontal 
distance in Fig. 2 covers only a small fraction of 
H second of time ; and, further, the nature of the 
curve, instead of being irregular as in Fig. i, is 
now huch that e-ich succeeding positive half-wavo 




Fji>, 2. 



ts exactly similar to the preceding one, and each 
succeedrng negative half-wave is aJso exactly similar 
to the one that came before. In fact, the current 
we are now considering is a periodic fnitciton of the 
time: the current rises and falls through a certain 
cycle of values which is repeated over and over 
again ; and Ihe periodic litrw, or time required for the 
performance of one complete cycle, is represented in 
Fig. 2 by the horiiiontal distance O b. This distance, 
as already mentioned, representr^ -in the case of the 
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rri^iilTi we arc ;d. prci^enl cr*ncetn^d with -only -i 
small fraction of a, "Second af tim<* ; and what ir; 
known a^ the fferiifdii/fy i?f an iiltLTiialiii^ current i* 
the number of k^omplcle k:virlcs performed in i»n* 
ond. 

4J Freduency. — The word /rci/treticv, when used iii 
mitfolii.>Ti with Jilliirnating ctirri^nts, i?i S3"iionymou'4 
with pi^riodiiil Vh .ind either word denoies the number 
i pcncds or coiiipletc cycles per second. 
Thus, in Fig, 2, if the distance O 5 k eqiuvalent 

to -til of a seccnJ, the penodicity or frequency ol 

ihe current represented in the dia^'ram will be tt, 
and the iiLiniber of nTi-n*ilx or iM-nnffi^ns peir 
second v^'dl he 2 /^ ; from which it follows that the 
use or tVie wt^rd nlfersifilwit to denote :i cornplet? 
cycle i'i iniiL'i: urate, and It i.'i always safer to speak 
oT' the ^t^notficffy o\' an nltemaliiig' quantity, a^ thia 
m adTnil> o( no ambiguity. 

In prai-^tice the number of periods per second lies 
M*;Lialiy between 15 nnd coo. In the early days of 
alte mating" currents, when these were u.seJ siilely 
for lig-hling- purposes, the periodicity was commonly 
flbcut [oo in thi^ country; but there are rea^oiri 
nhich render Jt lower frequency iidvisahle, and from 
>!o to 50, or even lower, is ihe usual priictice 

uwaday«. 

ith the introduction of motors, both aingle-phase 

fld polyphase,* there were additional reasons ftM- 
Mill fLirlher lowering the penoJichy ; \\\^\i. indeed, 
if it were not that motors are frequently driven off" 
lijijhting^ circuits, thev would probably be wound 

Hitr Hic4.rriiii{ of ilicac ciinc^imtj. if not fhimtliiu lu Uic I'dcltfr^ 
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altjj:rxati\g corhhv is. 



foi" ^lill lower penfc>Liicilieti, the pri??iL'Lit limit — -except 
in ilie case of large power trail jim lesion schemes — 
beuig- the point al which the alleniiitijiis of ihe 
i;nrreiit become noticeable to the eye. 

f5) Meiui and Jt/leajx Square Values of 
Alternating Cnrreiits. — Referring again to F]^. 2 
(which tor convenience is reproduced on this page), 
IT will be readilv understood that this i^urvr" mav 




stand for any alltinmling quatility, s\ich n^ the 
E.M-F* of ii generator, or the potential difference 
bctwc^en the terminals of an incandescent lamp ; 
and, in any ca^Ct whether the curve represents the 
periodic variation of amperes or volts^ the lenpth 
of the ordinate C B is a measure of the inaximam 
positive value of ihe alternating quantity) and the 
distance Cj B, is a measure of the niasimum neg-ativc 
value, 

Jn practice the negative half-wave is g-encrally 
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Similar in ^h^pi> and eqiml in n^agnhiide 10 Ihr 
positive half-wave, and it therefore follows that the 
Drdinates C B aud Cj B^ are equal in len^lh. With 
This maximum vakie o^ an alternating^ quaniiiy ut 
shall ntit concern ourselves at pre:sent ; K will i^ufficc 
to pt>inT out that this value oi' an alleniaiing- curreni 
will Jelermine the lotal ma^iietii: flux, oj number cf 
magnetic lines linked through the circuit at each 
reversal ; aud the insulation of Iht; eircuit miiit be 
considered in relation to the max-imum value (^f the 
'i.'oitagc curve. 

With re^ipe^:I (o the mean va]ui? of an alternatinyf 
current, it mig"ht be supposed that this is the 
quantity with which we shall be principally co^~ 
cemed ; but, as a matter of ftict, this is vast ihc 
ca^e. Tn the design of alternators^ transformers, 
eleclromagneric measuring- in^tn-iments^ etc, it is 
iindoubtedfy this value of Ihe induiied E.M.F- which 
is most easily caleulatedf but without a knowledge 
the shapff of the wave, as shown in Fig, 2, we 
lall atill be without some most important informa- 
tion. It should, perhaps, be hardly uctcssary to 
explain what is meant by the r/wtrii value of an 
^alternating; current or E.M.i', : we ha> e merely to 
lake the average of all Ihe ordinates of the wave 
iiagram, or — what aniounts in tlit ^ame Ihing — 
itasure the area of the curve B ^/ (Fij;, 2] and 
livide by the length O rf. If a planimeter is not 
ivallable, recour>e can be had to the method 
■equently adopted in connection with steam- 
engine diagrftms, that i** 10 siiy, the haJf-period 
O ii would be divided into a convenient number 
of equal parts, and the sum of the lengths of 
-«1I cirdinates erected on ihe cenlriil point of every 
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HecLioo^ when divided by the lolal number of such 
ordhia.te-ST will approximate lo the true meu^i value 
of the current or U.M.F.. as the case may be. 

Referriiig' still to Fig. 2 — which we shall assumi; 
represent-s the variation in strength and direction of 
an alternating- curn'nt of ele*:tricity — let us suppose 
that the resistance of the circuit conveying- the 
current Is R ohms ; now, if C is the value of the 
current at any instant, the rate at which work is 
being- done in heating the conductors w-iJI, at that 
particular instant, be equal to C- R. Hence, if we 
wish to know the average rate at which work is 
being done by an alternating-, current, ^vc must 
calculate the mean value of the square of the 
current and multiply this quantity by the resistance 
R. Hence, instead of taking the mean of a large 
number of ordinates of the half-wave O B d — as in 
the previous example — we must now take the 
average of the squares of all such ordinates, and this 
quantity, multiplied by the ohmic resistance of the 
circuit, will give us the watts lost in heating the 
con due to rs- 

It follows, therefore, that when we speak of an 
alternating current as being equal to a certain 
number of amperes, we invariably allude to that 
value of the ci.irrent which, when squared and 
multiplied by the resistance of the circuit in which 
it is flowing, will give us the actual power in watts 
which is being spent in overcoming the resistance of 
the CO n due tors - 

Thus it is the root-of-tfie-ntcan^sqtiare value of an 
alternating current which, as far as po^er measure- 
ments are concerjied, enables us directly to compare 
A periodically varying current with a continuous 
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current *jf cousLanl MfLriif^th : iL i^ llie pruJuLl ti( 
Ibis valLic of the curreni and Ihc corresponding^ viilui^ 
of thtf efTeclJve or resirltant K,M.F, to whi^'h il owes 
its existence whidi, iJi n\\ ca^eh. is a ineasure of Hic 
power absorbed in the circnii. 

The reading-s nf neiirl}' aW commercial me:iminn^» 
instrunients for alternntJng' ^ziirtents depend upon the 

vmcan square viilue of Ihi; current or E.M.F. ; And 
\t IK orly in exceptional cases that we require lo 
know either the riiii-\i/tiiifi or tiie Irne mctiii v^lue of 
an Ldternatjn^ quantity. 

If wc? Jipply Ji poieii[i:il difference of (oo rolls to 
the leiminiils of an incandescent l^imp — the inductance 
of which is very ^malU and pracHeally neg-lig-ible*^ 
the lamp will glow with the same bnlliance whether 
this potential difference is obtained from a con- 
tinuous or an alternatiny current source ; and ivhen 
we spe^k ii( iin alterriatini; K.M.K. of [ vl^Ii, il i> the 

vmejin square value of the alternating^ voltage to 
which we refer. Again, wh^n we speak of an 
alternating cLirrent of, ^ay. lo amperes, we invariably 
refer (unless special mention L^ niude to the coLiJran ) 
lo Ihe Vmaan square value of the periodic current 
which, so far as btaiin^ elTecis are concerned, 
is exactly equivalent tt> a continuous current of 

lo a.mperi'r'. 

[0) Phase Difference. ^T wo alternalinf:^ E.M.F.'s 
<if the same cbnracter aiid periodicity^ i>r an alter- 
nating current and the K.M.F. [e* which it owes ft'i 
txisteiice, iire s^iid lo be iji fr/if/st' when the ifrowth 



clrcuil ci"'nve\'iJig mi ah^nviliiiy t'lirrenl u-ill It iuUy (leill willi ui 
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;iiid decrease, reversal, and iraximum values (of the 
fiame sign) occur a-imultjiiieoiisJy. 

Thus, HI Fij-. T^, let the full line curve C Tcpresent 
Ihe periodic variations of Ihe current flowing- in ^ 
^iven circuit, and let the dotted curve E represent 
the iUternatirg; E.M.F, in the circuit: the periodicity 
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of these two qUcUitities is evidently the :«smc, as 
indicated by the leng-th of the line o /—representing 
Ihe time oF one t'ompkle period — beings equal in both 
ca^es. Moreover, it wifl be observed that the current 
and E.M.F. pass through ^ero value^ reach their 
masimum positive value^ reverse llieir direction, and 
pass throiij»-b their maximum negative value at 



precisely the same instant oi" time, and they arc 
therefore in phftse. 

CoiifjiJer, now, the twti curves drawn in Fig. 4. 

Wc shall assume that these represent two E.M.F.'s 
wh[th, ftiT the !salvt? of the argfumeni, mig-ht be pro- 
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duce*] by two fllternators, similar \n hII respects, and 
having th«ir shafts rigidly couptcd together. 

These two E.M,F,'s are of the same periodicity — 
the distances t anJ f^ beings etjual — bvil in ihis 
case the two alternftting; quantities are no longer 
tn phttse. \\ will be noted thai, throutfhout ihe 
complete L-yde, the insUnlaneou^ values of the 
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E.M.F. rcpresijnU'Ll by the ciiTV^ K, i»i.viir ejcjictly 
one-eighth of a. period after the oorrespOTiding value** 
uf the curve E; ;inJ K, is therefore not in phase 
with i^, but /u^s hehitid this E.M^F. by n ?imall 
fraction oF a second represented bv the distance d. 
which, ill thi<t cNiimpfe. i.s cxaiilly equal to one-eig^hth 
of a complete period. In other worJs, Ihert? is u 
dijf'i'i-i'urr ftf' /'/liiif bt?ltvet?n these 1\ki.i E-'.M.F.'s equal 
to one-eighth of a period. 

(7] Addition of Altematlng E.M.F/a,— Let us 
suppose \ha.\ the two allemalors, uich shafts n^idly 
coupled together, i^cneratin^ two alternating L.M.F.'s 
with a phase difference of one-eighih of a period, are 
electrtcalty Joined in .scries on tho same circuit ; and 
bt us consider what will be the re&ultanl E.M.F. in 
ihe circuit. 

When dealmg: with continuous currents, it- i> 
■merely necessary to add together the various 
iE,M,F.*s — such a!i tho^e due to a dynamo in serie'i 
Fwith a battery — paying- due regard to their respective 
iig"N^ —i.e. , to whether thev ari? acting in a positive 
or a negative direciion — in order to obtain the 
resultant E.M.F, producing, or tending to produce, 
a flow of current in Ihi^ [:ircuit. And so also in the 
case of alternalintr currents ir/ ton' ptirtii-itlur ins/imf 
iif iimi-, the resultant L.M.F, in any circuit is equ;il 
to the iilyebraical sum of the various K.M_F."*i in 
iJie circuit. Thus, on referring agrain to Fig. 4, it 
will be noticed that a dottwJ curve E^ has been 
drawn in .iddition to the two curves F and Ej. 
Every ordinate of this curve, such as // c,, ih t^cjual 
to the sum of the ordinate^, fi e iuid /; I'j, of the two 
full line curves ; due attention heitig paid to the 
i*/e^« of these instantaneous value?* of tht E.M.F- 



For inslancCi wlicii the posilivc vntiic of Kj is 
eyacily e^ua^l lu ihc nc^ilive v;ilu« of 1-1, ih* 
resullant K.M.F. in the circuit hvlII be nil, Jind thi^ 
ts what occurs at ihe ii;aTrt»l ^' where the rcsutiani 
curve. Ej. pjis?>es thrt^uyh it* tera v^hic. 

A cursory (Examination of thi,'^ JJn^riirn {^^^- 4) will 
malce il cle;+r Ihai ih^* n?Miltarn K.M-K, K,, Is of 
the same pcrioJiiiity as the tWii cernpnnent R-M-P/h; 
i^n6, uot only its inaxiriiitm vulue, but hIsO if^ 
s mean .<iq[iare value will be somelhinu k*s Ihiin 
would be obiaitjeJ by merely adding lt>gclber Ihe 
correspoaUin^ values of tJw K.M.F.'s M and H,,* 

(S) Vector Diagrams. --Tbe iTK^thod iJc'iLTibcd 
iibove tor ti'tip'^'t'ilb' ^ddiny togetbcr iwti (or ition'l 
pi?riodic:L]Jy alterii:ktiiig tjuaniitie?^ is i\ very tedtou^ 
Hiid ijlio^etber unprai:tit:al one. Tht meihiid abinil 
to be described -iiiul which involves the proper 
inidersliinding of a ^vi/t/r L|uaiTtiiy — is ^f such 
l^ciieral iililily l^^ llie so In lion of alleri!aliii^''-iurrcni 
priiblem^ that the re!n.lcr who may iiol be t';»miliifcr 
w'ith ihe^e diag^rams <ihould devote hiii most carcAil 
;iUeiitiou 10 L[ie following eKplanatiijlih. 

In the firsi place, u ^tc/t/r quantity (as di^tirjj^isbL'd 
from a trul/tr qu^mily) possesses not only mnguittidf, 
but also iiirtth'tfu, 

A mxt^nititdv can he j;^raphically represented by the 
Itngtk of a stiaighi line, iind a dirtctiou can he 
represented by Uk' rf//^/*' which a line (of indefinite 
lerg^th} makes with a daUim line drnwn on the fame 
plan for the purpoic of relereoce ; but ti ^ cclor 

• li is "ijily wlien ihc \\\\i ^M\\\»\wt\A wnvtri [irc in phast iuid 
tijiLiliLi iJi almjjc, 1.IlilI ll'Lf rcauU.Lr>l h>.M,]'~, Hill \x fmcLIv n.|iinl 
i*uili ill re^'iml I'l tL>i iiuiAiiiitiiii uEiii iL^ i^iiirjn xjuurc valvie-^^-Ln il^c 
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quantity can only be i^Taphkivlly represented by a 
line of definite lenj^th drawn in a. definite direction 
relatively to some datum line- 

The resultant mag-helic force at aoy partiL:ulcir point 
iin Fipai:e is n vector quantity, hecnn*ie Ihi-i force has 
not only a definite direction relatively to the earlh's 
iixif^i but it also has a defiuiti^ luteitMty ; and if it 
were customary to indicate, on geographical tnaps^ 
the magnetic condition at any g-iver place, a line 
would have to be drawn not only in a certain 
direciion, but aJso of a delinite lengili such as to 
indicate, let u^ say, the intensity of the horizontal 
component of the earth's magnetism at that place. 
Such a line, Jrawn ic scale, with an arrow head at 
one end (to indicate direction) would be what is 
foommonly known us a jterfpr. 

Instead of representing^ an alternating current or 
li.M.F. by means of the wave diagrams with which 
we have been studyhi^,-- them up to tlie present, let 
u?t assume that we are iii no wise concerned with 
flhe maximum or mean values, or the law of 
fvariation of an alteniatiag quantltv. but only witti 
its vraean square vahiCj which, as explained above, 
^is what we most frequently wish to know. This is 
':dso the quantity whicfi is mea^iiired by an alter- 
nating - current ammeter or voltmeter, A straight 
line of such a length as to indicate the amount or 
inLeasily of this aJienialin^ quantity drawn lit d/y 
{hrccHon on a sheet of paper would be a correct 
j»raphical repre^ientation of a definite number of 
amperes or volts. But when dealing with two or 
mori alternating forces all acting-- in the same 
circuit, it i^ not only necessary that the straig-ht 
les representing these forces should he of definite 
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Ifiig^ths ; they must also be drawn at certain detinile 
^iglei' relatively to each other in order to repr^^ent 
the phiise Ji(Tereiict'!> belween ihem. 

In Fig. 5 the complete circle of 360 deg-. [or 2 ir 
radians) represents one peritHJ, and in order to 
indicate the phase differcEice between the alternatiiTg 




>-E 



Kit;. 3 



quantities E and C, tvro ^trai^rht lines O E and O C 

starting: from the common point O, and of sucU 
lengths as to nidicale the retipective jjuj^riitm^cs ol 
ihese qtimilities — are Jr^iwn with an attgle betw^t-n 
Ihcni such that the ratio svhich this angle bearr* t\^ 
the complete circle expresses the pJirtse Jiffeevncc 
between E and C as :l fraction of the completi* 
period- 
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For instimi:e» if the angle (as in Fig. 5) is equal 

to 45 deg. f or ~ radiaiiSf this means that the curret^t 

4 
C lit^s behmd the E.M.F. E by a time interval 

fqual to one-eighth of a period ; or, in other words, 
the E.M.F. K is itt ndvat/ce of the current C by 
this same interval of time. 

Thus, if \\\^ periodic ity of this particular E.M.F. is 
40, it follows that the angle C O E in Fig. 5 
represents a time interval of jiJoth of a second. 

It is not usual to express a phase difference as a 
definite interval of time, because this would convey 
no useful' information, unless the periodicity were also 
stated. What we wish to know is the fraction of a 
complete period by which one of the alternating 
quantities is in advance of the other» and this» as 
c^plained above, can readily be stated as an angle ; 
it is only necessary to bear in mind that the com- 
plete circle (360 deg.) stands for one period or 
double alteniiition- 

U the reader has carefully followed what has 
been said regarding the graphic representation of 
alternating quantities by means of veciorSt it is more 
than probable that he may yet experience consider- 
able difficulty in forming a clear conception of the 
phase difference — not between the respective mtiximmti^ 
or sero values^ or any other definite instantaneous 
value of two alternating quantities, but between their 
livcnigc or, 10 be more specific, their '4mean square 
values. 

This difficulty is dealt with in the following 
article. 

(9) Addition of Alternating E.M.r.*a with 
the Use of Vector Diagrams. —Consider once 
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Hgriin (as in articles 6 and 7) two alternator!;, A and 
U, joined In series : and assume tliat they have the 
same number of poles, and are drivsn at the same 
sfieed. 

Let us suppose three voltmeters to be connected 
as shown in Fig. fi. These voltmeters most b^ sach 
as may be used irdifferently on akemaling or direct 
enrrent drciiiCs ; that is to say, they must measure 
Che vmean square values of the aiternatirig volts. 
They may, for instaiiee* be either electrostatic ur hot- 
wire instruments; but they should not depend upon 
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the eleclrLiinag^nelie actions of coils having irot> 
c'oresi because the induction in the iron cores will 
depend upon the mefin value of the applied K.M.F., 
and the re.ulings of such instruments will, therefurci 
be more or less dependent upon the wave form of 
I he impreh^iL'd volts. 

The voltmeters e^ and Cy will g"ive us the volts 
due respeelively to the alternators A, and B, 
whereas K will mea.sure the rei^ullant volts at 
terminals, If the volts measured by E are equal to 
the arithmetic sum L'>f the vi^lii* t'^ and e^, the two 
mnthines would be said lo be in phmv, although Lt 
is quite possible that the j?ui.\ifTitwt values qC ^Ilv^ 
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component E,M,F.s might not be reached at the 

same instant of time^ if the waves produced by 
the two alternators are not similar in lorm. As a 
rule, the rending on E wiM be less than the arith- 
metic sum of f, and e^^ We wiH suppose these three 
values to be known. From the centre O (Fig, 7) 
describe a circle of radius O E, the length of which 
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is it measure of ihc volts K. Now draw a t-, in any 
direction to represent the volts e^ From e^ as a 
tentre describe an arc of radius e, E, the length of 
which is proportional to the volts e^'- it will cut the 
arc already drawn at the point E. Join O £, and 
complete the paraTlelogram O r , E e.j. The angle f* 
between the two component vectors Ci and Pj '^ 
" measure of what we must now understand as the 
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aag/e cf Ja^ or pha^e diffi-rfiirc bclwccu two aU^er- 
nating- qiiaalkies which are fsT the same frequency, 
but which d<) nv)L necessarily folliJW ihe same law of 
variation. 

Bearing* in mind ihe abtiMe definition of the ph^i^e 
diflereiite or an^Me of lag" beiweea two alternalin^ 
qLiantities let us say tWij E,M.F.'s-of the s^me 
pFriodicity, in a ijiven cir*:iii[, it will be readily iiiMJer- 
stood that, ill the case of the two E,M.F.'fi bcing^ 
in phase^ the vectors ee-y and o e^ will lie on the 
siime Jitraiglit line, and the total or applied E.M.F., 
E, will be exactly etjual to the sum of the twi* 
-component K-M^F-'s^ p, and Cn- 

Again, if Cj and i\. are cxacily ttpposiif in pharnc. 
the vectors o a-^ and r; fig will stJII lie on the ^amc 
straight line, but instead of acting in the samt' 
direL'lion, lliey v^ill now act ag-aiiist each other, and 
the resuilant O E will be tqual to the diffunna- 
between these two forces, while the anyple of lag is 
tipj^Hl to half a circle^ or iSo degrees. 

An iospection of the wd.\v diagfrain (Fjg, 4, 
p, 19) will make it clear that this is what must 
actually occur in ihe case of the two particular 
vaTues of tlic phase difference which have been 
chosen in orJer to help the reader towards a clear 
UJidefStandla^ of the diagram Fig. 7. 

When referring^ to Fig. 5 (p. 23), the E-M, F., F, 
was spoken of as being- in iidvanct of the current C \ 
and, again, ihe vs^cLiir OC was s^s^d to represent a 
cvirrent ingging behimi the Il.M.F,, E. It is merely 
a miifter of convenience to so represent the leadm^r 
and lagg-ing: alternating; quantities. The distintrlion is 
casdy rememhered on .iccoimt of the similarity of 
such a diagrrim (o a clock face, ihe hands of *;h\cVv 
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are .set forjrHtfd h> moving ihem from C to E and 
back by v\ii>\'{vi^ them from E to C. 

if the diagram Fig. y has been correctly drawn^ 
il j*, therefore, Lhe E.M.F. r/j which is in advance 
of Pj, and the total E.M.F., H, is in advance of f,, 
but lag-^ behind Pj, 

The qne&lic»ii cf compounding; two or more 
alternating- forces in an electric circuit now become* 
■d\ very simple matter. Thus, in Fig'. 7, had we been 
given the two voltag-es e^ and e^ and the phase 
diFference 9 (instead of the three voltag^es), we could 
have calcuUiied the tot^l E.M.F., li, and ascertained 
its phatpe reliition to the two component forces, by 
merely consimctin^ the tfiangle of forces ^1 E in 
the manner familjar to eiery engineer. 

A3 an example, let us suppose that there are 
three distinct aUeraating E,M,F.'s — A, B, and C — 
of the following- values, all combinioy to produce 
one resultnnt E.M,F. in an electric circuit: 

A = 200 volts. 
B = 150 volts. 
C = 100 volts. 

We shall also ^issume that B lag's behind A b)r 
exactly a quarter of a period (90 deg,)j while C 
leads, cjr \^ in advance of A, by the fraction of a 
period denoted by an angle of 35 degfrees. 

Draw the three vectors O A, OB, and O C, in. 
Fig. 8, to a suitable scale, and such that the 
angles A O B and A O C are re.^pectivaiy equal to 
90 deg. and 35 deg^. . bearing in mind that O B 
must be drawn behitid O A, while O C must be 
drawn aw adfuncf. Construct the polygon of f&fces 
O B r R closed by the reAnUiwt O R, which repre- 
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Ecnts ths sum of the three forces — or vect*>rs — O A, 
O Bj O C, and ^vhi<:h In^^s bihiiui ihe vector O A 
by an angle & cLfual* in this example, to 18 ^^S- 
The measured length of the line O R to the same 
scale as the three component vettOTs gives us the 




ilLie (in volts) of the resultant K. M.K. In thU 
iKiiiTiple It will be found to be ;97 \oks. 

(10) MeaJi Power of an JUtematiiiff Cpmnt. — 
[a article 7 (p. 20), the two full line curves in 
V\^. i\ were supported to represent two E.M,F.^5, 
4*nd it was shown how the.se could be afided togi^tht'r 
to proUnce the resullAiit curve E^. Let vis now 
consider, not two E.M,K.'s differing in phase, bill 
VLW E.M.F. and a i^urrent, :dj;o diffenng in ^h^^t'^ 
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-tnd let us tmtUiply one by the other in ortJer to 
obtain the po-wer in the circail. 

From what has been said oji Ihc ^iubjcct ot phase 
tlifference^i g-^nerallv, the reader should have no 
difiicLiIty in uiidersiaDdiii^ lhat» whereas in the case 
of coiitiiiuojs currents the power in a circuit i* 
gi\'en by Ihe product of termEnal potential difference 
and total current^ this is very rarely Iruc in the case 
of alternating currents. 

If we connect a voltmeter across the terminals. 
of ftii altcrnaling'-current circuitn and multiply the 
readings on this voltmeter by the actual value of the 
current in amperes, we shall obtain a number 
reprcaenting- what are sometimes called the apparent 
itHiiis, but uhKh will not necessarily be a measure 
of the poiAcr actually bein^ supplied to Ihe circiiit. 
The true power at any moment will be ^iven by the 
product of the instantaneous values of current and 
impreigsed potential differenccH and the mean value 
of all such products, talcen during the time of one 
complete period, will be the quantity which we 
require to know. 

In Fig-. 9 the power, or wait ciine has beei> 
drawn ; il is oht;iined by multiplying' Ui^eiher the 
corresponding- ordlnates of the cur\-e5 of impressed 
potential difference E and of the current C. 

Siiice the current la^?P behind the potential differ* 
ence, it follows that, during- certain portions of 
the complete pericHJ, the simultaneous valupi* of E 
find C will be of opposite sLg:n ; that Is to say^ 
the current will be Rowing ag^ainsf the impressed 
E.M.F. : Ihe work done will therefore be «fyr//i7«', 
Eiad these ordinatcs of the watt cur>^c wiU have to 
b« plotted bfi(y:^' the datum line. This negative work 
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(which IS equal to the urea of tho .shaded curv(> 
bi^!o^\ the daLuni line) may sometimes almost equal 
the possiivt: amouLit of wotk done* in whii:h case the 
current is practically wa//ii'ss—i.e., the amount of 
eniijr^y put into ihc circiuL during^ one quarter 
pcri^>d is ^■■ivcn back iig'iun during the succeeding 
quarter period. 
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(The proper understanding of this state of things 
mast of necebsity present some djfllculties lo those 
unacquainted with alternating currents ; but wheu 
dealing- with the induction of an alternating- current 
circuit the matter will be again referred to,) 

Kelurmng to a consideration of the curves; of 
iMg. 9, we see that the total amount of work 
done during' one complete period is equal to the 
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area of the two sliktJed ciirv'e>; marked +, /ess the 
area of the two shaded curves marked - ; and 
the mean fiinvfi' jiapplied to the terminals of the 
CTrcuit will, ihereftire, tw given us by Lhe average 
<»rdinatc of I his dotted ?tw// curve, due attention 
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beiDgf paid to the f^i of the instantaneous power 
values. 

Instead of drawings a diatrfJi"! ^^ch as Fig-. 9, 
which is a very laborious undertaking, let us see 
what can be done with the simpler and more con~ 
venient vector diagrams 

In Fig. 10 the Jmean square value of the 
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E-M.F, is roprcaciiteJ hy the vector O E, aiitl the 
vmeao aquurc valui> ot the current by OC 

The phjise difference between ihesa two aUcrnaling 
quantities — which, in Fig, g, was indicated by the 
horizontal distance separntingf the zero or maximum 
values of tlie two ciirve.s — is now indicated liy Lhe 
Angfle 6 ; and since O E is in advante of O C 
(accordiiif^-- to the clock -face analogy referred to 
iibove), il follows that the current C fa^s- {K-hdui 
the E.M.F., H. 

The method of compotinding- or addiny tO|jeiher 
two cr more K,M.F.\ was esplaiiied in article g 
[p. 34) J and it follows from this that any vector, 
such as O E, representing- an E.M.F. can be con- 
sidered as being- made up of Iwo or more component 
vectors. 

Thus, in Fig. 10, if we draw through O the line 
O B at right angles to O C, and from tiie point E 
drop perpendiculars E i* and E c, on Co these two 
lines, we have in O ^ and O e^ two vectors represent- 
ing imaginary E.M.F. '?> which, when added together 
in Che manner eKplaiiied in article t), would produt^e 
the resultant F-M,F.. E. 

Suppose, now, that there is nc other E.M.F, in 

the circuit hut that represented by the vector U e. 
This is in phase with (he current, and the true 
watts are therefore obtained by multiplying together 
this E.M.Fh, c, and the t:urrent C*. 

\(. on Lhi; other hand, **[ were the only E.M.F. in 
the circuit, the ctirrent C would be uhM'jj — i\e., the 
mean power in the circuit would be ni/ — beoanse, 
as explained on p, 31, when the phase difference 
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between the curreat and II,M.F, is 90 deg., the 
i^iiergy put itilo the circuit during one 4uarter wf n. 
period is g'ivcn back ag;siin during* the next qUfirtcr 
of a period, und tlie mei^n Wiiits iire, therefore* eciual 
to aero. 

Thi>i leads uii to the conclusion that, of ihc tW4> 
(imagfinar)') components, e and f^, of the total 
E.M.F,, it is only the component f» m pfiast' irith 
the curyctitf which need be taken into account when 
ciil dilating' Ihc power in the circuity and, g-iven \\vt 
angle of lag: (or phase differcncel between the applied 
potential difference E and current C, the total power 
in the circuit is obtained b) projecting one of the 
vectors - such as O E — upon the other — O C — and 
then multiplying thi*; hitter quantity by the projection 
(O e) of the first one upon it. 

In order to obtain a ^ii^raphical representation of" 
the power supplied to a circuit in which the current 
C liig"s behind the impressed volts E by an amount 
equal to Che angle ?, we have simply to move round' 
one of the vectors, let us say O C, through an 
aii^'ie oFqu deg^., and then toastruct the pux-allelogriun 
O A, the area of which will be a measure of the 
average value of the taie watts ; for it Is evident 
that this area will always be equal to O C >: O c. 

(n) Power Factor. - Since r O E (Fig, 10) i« 
a right-angled triiiugle, it follows that the power 
[C '^ f) supplied to the circuit, can be written 
C X E cos 6, But C j< E is what we have already 
[;alled the apparent ivalLs. Hence the rfnf imiffs = 
the apparent vjatis x cqs &^ and this is the definition 
of the tingle of lag between current and impressed 
E.M.F, which is the most usefuL It is this 
multiplier (cos P) which, since it was Iirsl suggested 
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Dr. J. A. Fleming-, is now generally referred lo 

the power fucior of a circuJt wtiich is conveying" 

alternating- current,* 

As tills expression occurs frequently iu all literature 

t[e;iliiig with alLeniiilio^ turrentSj it is impurtaut th:it 

I (he reader should have a clcur understanding of ita 

L ttieaning-. 

^^L Til conncclion i\ith amliniujus L-urreiit-*, tlie term 

BB: uot used, for the simple reasou that^ once u 
steady flow of current ijas been established, rhe 
value of this current is always equal to the ratio of 
tipftlicd K.M.F. to ohmic resistance of the circuit; 
rind the loss of power in ^he circuil may either he 
written C^ R or E C. 

In the case of alternating- currentSj it very often 
happens that the current is not in pha&e with the 
jvpplied K-.M.F,, and the causes leading' to this 
displacement of phase ;tre sufficiently important to 
justify our devoling^ the foilowii%'- chapter to their 
consideration. The effects of such phase displace- 
ment between current Eind K. W. K. havi>, however, 
already been explained, and it will be understood 
thut, although the power spent in heating;; up the 
conductors of the circuit may slill be writren C^ R, 
the product E x C only represents the true power 
when the pmoer factor is unit}'— 1>., when the current 

\\. haa !>cen fl:i7UiiL?il iliac ih? rcatlci \^ mri wilhuul aL Ica^E iUi 

[menlary knortlcdpc of ViTKuiunitliT' i buL ah^jukl ibis fiSumption 
c unwAnuntcd, it vill sumce lo point mil ilint ihe ^osifiM of ihe 
im^ff 9 Is the iriEonouiedical I'uDCtion dF lln? angle, ihe numeriMl 
vflJuc of ii^iich Li atwiV'i oljlainHi by ciividinfj ihf length of \\\t 
tirifj O e cf ihtf riEhL-Qni;l«l irianflc tl O f \'\ the kngth of the 
hyjAiLhtiLUK:. O V- The cKjircviiirn «J 9 niual. thcttibic, ht 
uijtlcc-'ili-iijd tu iudicalc the rnHio n^tf O ff lo O 1-;, which ralio will, 
oljviously, be constai-ht fur a given riDf^lVi ai^d quile iii<kj>eri(leiil •>{ 
ihc tUTlunl leriglhii O iL □nil * > t. 
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is ill phase with the applied E.M.F. Whenever 
there is the slightest phase displacement between 
the apph'ed E,M.F. and the resulting current, the 
apparent power {E x C) has to be multiplied by the 
power factor {cos &) in order to give us the true 
power m the circuit. 
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CHAPTER II. 
Self-Indl'ctiov avd CAr-Atirv- 






{[::) lUagnotLc Field Due to a Coutiiiuoiiff 

Cun^itt. — Wlierever there is ii curreni of eleL'tncity 
iheie mu?it, of necessit}', be a corresponding-- magiielic 
cOiidilion of the surroundini;' medium. 

In the cast of coritinnoiis currents, cnce a steady 
value Ii3? been reached, the magnetic condition — 
i.e-t the number nnd direction of the magnetic 
lines — in ihe circuit reniiiins unallered, Thu^^, so 
lon^ as the resulLaiit escitinj^ ;impere-tums in a 
dynamo inachme or direct -t'urreni: motor remaini 
constant, the Eolal nici^netic f1u\ i^ mitiiitjiined at 
n definite steady value. \\\ order to calculate this 
total flux, It i'^ neiressHt) to k[iow, not only The 
current and the number of turn^ \v-hich the circuit 
makes upon itself, but also the dimensions and 
config^uratiun of Ihe magnetic circuit which is. 
linked with the electric circuit, and more especially 
the amount and ditiposition of any ma^i^es; of iron in 
the direct pnth t»f the may^uetic liud. 

It is assumed thai the reader has a fair working' 
ovvledge of the more impfjrtant propi?rties of the 
ma^neiic circuit ; he should Linderstctnd. for instance, 
the general Jincs oa ^vhioh the totul mag-oetic flux in 
the armiiture of a dynamo can be approximately 
predelermlned, for without a clear coni^eption of the 
fundamental laws of the magnetic circuit, incltidin^i; 
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the peculiar property of iron (and one or two other 
rnetals) of increasing the magnetic flux, the following 
ar^iimenis may not be readily understood. 

Apart from the C^ R losses in conductors, no work 
has to be done in order to maintain a magrnetic 
field ; but energy was spent in creating it, and this 
energ^y will all be given back again to the exciting 
circuit when the magnetic field is removed or with- 
drawn. 

In order to form a mental picture of this properly 
of an electric circuit, consider a flywheel, and neglett 
entirely all questions of bearing friction or windage — 
which, in our analogy, are equivalent to the C^ R 
losses referred to above. Such a flywheel, once it 
has attained a definite speed of rotation, will continue 
to revolve for any length of lime without requiring 
the further application of force. But a force had to 
be applied to bring it up to speed, and exactly the 
same amount of energy as was put into it is now 
available for doing work, and will be given back 
again by the time the flywheel has been brought to 
rest. 

If we multiply the total flux in the core of a 
dynamo field magnet by the number of turns in the 
exciting coil, we obtain a quantity which is some- 
times referred to as the electromagnetic momentum 
of the circuit. There is energy stored up in such a 
circuit, and if we attempt to open it suddenly, Ihe 
results are frequently disastrous, because this energj' 
must be dissipated in one form or another, and if we 
do not provide a short-circuiting resistance, or some 
means of drawing out the arc slowly, the dyinjj 
down of the magnetism will induce such a high 
E.M.F. in the field coils as to break down the 
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Insulation or form a destructive arc at the pi^ini of 
disconnection. If^ on the other hand, we dead 
short-circuit the winding, or connect its terminaU — 
at the moment of switching off the supply throuji^h 
an externa] resistance, the current in the coil. 

instead of being almost instantly interrupted, will 
die down in the manner shown on the diaiyram 

Fig. 11. 




Here the horizontal distances from ?eft to right 
represent lapse of time, and the vertical dTstances 
represent current. It will be noted that the current 
falls rapidly at first, but its rate of decre:isij 
diminishes as time goes on. Theoretically, tlio 
current never quite reaches zero value ; but, in 
practice, it approximates to zero value in a very 
short space of time. In most cases, the whole 
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dUlance frota / Ew> /, vould only sland for a small 
ffaclion of a second ; bui m ihe ca.se of a rfrcuit 
with large iclf'tHduetion such as ihc field coll of a 
dvriEimi}^ thitt time may extend over severaJ seconds. 
Tfie writer recolleci^ receivitkg a shtx:k from a large 
direct -driven iwo-pole dynamOi after the same had 
been stimed dtmn and cmte to a srmidstiU, at the 
moment of lifting the brushes ofl" Ibe commutator- 
Thi^ was entirely due to the current in the fidd coib 
— Vk'hich were short-circuited through the armature — 
not having: quite died down, and when tht circuit 
wu-s opened, the energy still stored in it took tht: 
fcirm of a ^mill^ current Hi a hig^h potential. It 
should not be necessary to point out that, when the 
current dies down in the manner indicated in Fig*, ii, 
llu' total energy pnt into the circuit, when building^ 
up the field is f^ivcn back in the form of C- R losses 
continviing for an appreciable time in the coil itaelf 
iind the eKlcrn^l resists jice (if lujy) which [>> 
cotinecled across the terminals. 

The idea of the magnetic condition always existing: 
^imuUaneouily Avilh the electric current must not 
be lost sig-ht of. Thus, in Fig-, u, the reason why 
the current does not drop instatifly to ;^ero is briefly 
this: if it were to do so, the ma-s-netic flux in the 
Cor<; (apart from the residual magnetism) would of 
necessity hnve in drop likewise in^tHninneoiisly ; bul 
Hs, ill so doiiig, it would induce a back E.M,F. of 
inl\nilt* vrtlue, and sudi :is would tend to produce n. 
turrent opposing the wilhdrcuval of the magnetism, 
it follows that the current {and magnetism) in a 
cif^ui' of itppteciable resistance will aciuaUv die 
down in iho manner indicated in V\^. ii ; everr 
d«crcASe 1*1 the current (and magnetism) producing a 
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ajn E.M.F. qf stlfinduciion in the coil, tendmg- lo 

oppose s n\^x& rapid rate of decrease. 

(13) Blaffnetic Field Due t«> JUtematins 

CiUT^ilt,- -When an altemaiing current flows ui a 
drcuil, iJie magnetic condition of the sorromidiug 
^rnedium will vary in amount and direction lO 
^^kcordance with the variations of ihe current. For 
^^^ly giver circuit, the amc*uiil of tlfc magnciiL 
I flux may be approsimaleiy predetermined for any 
i n Stan tan eo LIS value of ihe current, provided we 
know the length and cross scclion, or the ffui^it/ic 
nrsis/a/tcff of the various parts of the magnetic 
circuity and the number of turns in ihe electric 
circuit.* If there is no iron or other mag-tw/k 
material in the mai^iictic circuit, the rise and fall of 
ihe magnetism will syut:hrouise with the rise and 
fall of the current, and not only its maximum valuci 
but also every intermediate value will be exactly 
proportional to the strength of the current- When 
the current reaches zero value, the magnetism wifT 
also pass throng-h zero value ; and when the current 
reverses in direction, the magnetic flux will reverse 
likewis^' 

Thus, if we plot ihe magnetism corresponding la 
every value of the current in a g-iven circuit coh- 
taintitg tto iron (or other magnetic metal), we obtjin 
such 2 curve as that shown In Fig. 12, where C i^ 
^^■le current wave and M the magnetism. Hvery 

^^^** If Lhfic S i™n iji llif iitagncfic c:n:ail. (he cfltxC^ of hysitfuii mn^l 
lie laL^n liito accoonl. ll Tihuald not \-c ncrcA'dn- ii» rcniiru? Uic 
rcKJci ll«l wlicn cfln^-inE a piece of ifjn ihfougli a c-jmplcie cjcJc "t 
msgrwlBadf^i, the ampeie turn* CJineftprtnauig (" » Athnkt v^Jiie ..r 
tht induction oit the rising pfiriittn of ihff f^vcte, arr ii-K equal tn iJiw^ 
omifcpowline lu t^* ^;»™c value of the jnducii<ni i^ii ilic ifesctnrimi; 
pQXtiini. J.'-. »hrr» [he cuncni ^ after luTJni: (MiCil li Juijh m 
nKvni(Lm value — %t l>rini; wliLfcd. 
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ordinate **!' ihi-i latter curve is equal to the corre- 
sponding; ordinate of the curve C muUiplied by a 
constani. nudi ihe mag^neti^im is, of course, exactly 
JN phase wiili the currenl. 

In Kij^. I -^ the curve M is such as would be 




KlO. T2. 

obtained \\ iIil' magnetic circuit contained a larg^e 
amount ol iron. Here, with the one exception that 
the maxMiiuni value of the induction coincides with 
the maximum value of the current, it will be noticed 
that^ on I he whole, the magnetism lags behind thi 
current,* 



Hcnie lilt ^i..rj| hyifeteih oiigiiially buggested *>y Praf. Kwing^ 
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A Mi discussioD of ihe various effects of 
/iys^nesir, or even a detailed de^criptioo of Ihe 
maoiier in which the cur\'e M in Fig. 13 ts derired 
from the curve C, hardly enters ioto the scope 
of the present book ; but the reader requires aa\y 
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an elementary knowledg^e of mag-netio phenomena — 
especially as r^ards the effects of iron in a 
magnetic field — to understand that the residual 
-magnetism t which requires a reversed magnetising 
force to entirely eliminate it, is responsible for 
the peculiar relation of the two curves under 
consideration. 
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(14) SoIMudncUon. — The self-induction of <i 
circuit, as, indeed, is sufficiently clearly indicated by 
Jhe expression itself, is the induction or total 
number of mag-nctlc lines due to the citrrr-ni Jfo-wittg 
in the n'rcm'/. For any particular current C in the 
wire or conductor forming the electric circuit, the 
total magnetic flux of induction linked with thia 
circuit 'jt^hich h tfne to the cuf^evt C, is the ^eff- 
inducHon corresponding to thnt particular current. 

What is known as Ihe c&t'fficietii af self-rtttiiictwft is 
;j multiplier— generally denoted by the letter L — which 
takes into account oot only tbe amount of the ^eif- 
induction when unit current is flowing', but afso the 
number o( times this induction is threaded throui»'h 
the circuit* This, as wc shall sec presently, is 
important when considering the bacU E.M.F. due to 
self-inUuction ; but ab L \s only constant In the case 
of a circuit containing no Iron^ the use ot such i\ 
multiplier is limited in praclice. Tt is, however, verj' 
largely used by those writers who prefer the analytii:al 
treatment of altcrnDting-currcnl problems, and for this 
reason, a snfliciently clear explanation of the exact 
meaning of the term ■will be found in Note t at the 
end of this book. 

(15) E.M.F. Frvdnced by au AltenuLtrng 
Bl&giietic Field. -We know that the E.M.P, 
generated in a conductor passing through a 
magnetic Held is directly proportional to the rate 
at which the conductor is cutting through the 
(imaginnry) magnetic lines — or tubes — of indue tioc- 
ir 100,000^000 C.G.S. magnetic tines are cut dLtrint; 
one second of time, the resulting K.M,F. aviII be 
1 voit. If we thrust a magnet into a coil of 
^'ire, the E.M.F, generated in the coil is proportional 



to the Strength of the magfiict a^id the rapidity with 
whf*:h it has b*eii thmst into the coil. The dirrv/ton 
o( ihi^ E,M,F, is alwHjs autL as to tend lo prt^ducc 
a current which wiil oppose the alteration iti the 
magnetic condition.* If, on inserting Uie nayneti a 
positive E.MpF* was gfcnerpitcd. a ncg'ativc E.M.F. 
will be induced when the magnet \^ withdrawn. 




V'w. 14, 



In Fig^. 14, let the curve M represent the rise and 
fall of the alternating' magnetism due to oii alter- 
iialiug electric current — which has not been drawn in 
the diagram, but which, il there is no iron in the 
circuit, ivili be in phase with M, and if there is iron 
m the circuit, will be itt advance of M (aee Figs. 12 
and 13). Let ns see what ii the E.M.F, which this 

* Hier? b nu Ch.c«ptioji In thb lul^i which i^ knuv~n o^ l-cm's 
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varying inagiielism will Induce in the circuJL Id the 
first place, it js cvideni thnl, if the Tnas"neti&m were 
of a C£iii5tani value — hoi^ever large — no r.M,F. 
would be gfciicraUd in ihc circuit. In olhcr words, 
if its rate of chimge were nil, the i-alue of the 
induced R.M.F- wunid be aero. This Js exaclly what 
occurs at the point A, when the cijr\'e M has reached 
its maximum value ; the :tmouni of magnetism \s 
neither iiicreasing nor detrira&ing at this parlicular 
instant, and coii?jCqac:nIly there can be no E.M.F. of 
self-induction. We can, iherefore, pint the points 
of the E.M.F. curve on llie horizontal datum line 
immediately beJow the makimum value of the 
magnetism curve — this majtimum value being 
graphically defined by the point of contact of the 
horizontal tangent to the curve M, as indicated by 
the dotted line. 

Consider, now, the point b on the curve M. This 
point does not only represent the instant of time 
corresponding lo the reversal in direction of the 
mag"nel:ism ; but, in this example, it also indicated 
that portion of the cycle where the rate of change 
in the mag^netism is greatest — as evidenced by the 
shpe of the curve being steepest ul this point. If 
this change is at the rale of 100,000,000 CG.S, 
magnetic lines withdrawn from the circuit per second^ 
an E.M.F. of I volt will be g^enerated in every 
turn of the electric circuit which is linked with this 
mag-net ism. 

Thus, if we know the number of turns in the 
circuit and also the scale to i^'hich the curve M 
has been drawn, we can readily calculate the actual 
induced li.M.F. at the instant b and plot this vaT 
J5 B to any convenient scale. 
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As to the si^i of this E^M^F-, ii \si\\. At this 
point, be pttst/ii'e (and therefore tiiu>i br ploiled 
Jtb^nyr the diituni line) because. >int:c I h^' iiuifi-netism 
is faJlirg frcim a positive ninvimiiui in« ards a 
negative in;i34iinum, it is a Jiosi'fi'vi- K.jM.F, which 
is necessary to produce a current siit-h fis would 
i>ppose or amnferact this decrease in ihe rjiapnetism. 

We ha^e seen that, where the rv»r>t M is hcri- 
zojilal, ttio itiduced lolts are nil \ if ir ^i ere passible 
for ihis curve Ic drop so rapidK iis to become 
perpeodicular to the horizontnl d;itiiin tine, this 
would indicate an instanlimsou^ Lh^in^e in the 
uiagnelic coiidilioD, ur an iiifinftdv ^^reat rate of 
chan£Ci and, therefore* an infinitelv i^cat induced 
K-M.F. whatever might be the acIt.i;tJ nurjiber of 
magiietii: lines added to or withdr*iwii from the 
circuit ; and if the reader has a clear vi iiilerjh Handing'- 
of these extreme conditions he will prohnbly accept 
the statement that the s^e^pnfss or jiope of the curve 
M is, at every point, an exact measure of the rate 
of change in ihe m^g'nelic condiiioii.* 

As an exampie, suppose the ordinate / P repre- 
sents loo.ooo C-G,S. lines of mag'iieti'iiii- Draw ihe 
tang^ent O P to the carve M aL tht poujt P, and 
mcnsure Op: let us assume that this distance 
corresponds to the two-hundredih part of a ceccnd. 
The increase in the niagiietiMii at the poiui P is, 
therefore, at the raie of loOfOOO C.G.S. Knes in 
tti two - hundredth part of a .secotid, or twenty 

• ll woald be sn KiFiy irfflUer lo prnvp [hi*. slnlErncrr, and in a\\ 
pmliatnUly [he mdec ^vill l.<e (juiic Ciipable r-»r 'jninj^ rJrJF in his 
v*ivii Niti:ifiitiioji, T]ic AuiJiUf'^ j.iurpi?3c i^ nr-ii lu provf c^'cry 
SttlcnkcnL urndc in vhc course ut this ^nd m^Lm^huceiI chHpL<js ; buL 
fl gtntifll tuplflnflTiinn, suggtsilive gf ihe Kiita i.'ii vv^ich mort citact 
jfs nifty lit foughl, will, *beicver pouibiPr ht ^ivcru 
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million lines per second ; and if wc assume that 
there are one hundred turns of wire in the circuit, 
the insiantHneous value of the induced E,M,F. at 
the Piomenl /> in ihc hundred turns of wire will be 



2O,OO0,CIO0 K lOO 
100,000^000 



20 volts, 



and this value, represented by P c^ must be plotted 
Ae/flm the datum line, because this E.M.F. will be 
?>uch as will tend to produce a current in a nc^tivc 
direction — i.e.^ Jduch as would oppose the variation 
in the magnetic flux, which, at this moment, is 
incrsasinjf in amount. 

The circuit we have been considering might be the 
armature vvrndin^ of an alternator or the secondar)^ 
coils of a traiisformefj and, in cither caso^ the 
induced E.M^F., as showo in Fig. 14^ will be a 
quarter penod — or 90 deg. — in adi'atrce of the 
alternating magnetism to which il owes its existence; 
Wind, moreover^ since exactly the same total magnetic 
Hus as la threaded through the coils during one half- 
penod is withdrawn during the succeeding half- 
period, the ttjpaft value of the positive half-w^ave of 
the mduced E.M.F. is always e?cact1y equal to the 
mean value of the negative half-wave.* 

If N is the total amount of magnetic flux produced 
by the maximum value of the alternating current 
passing through the coil, and if S stands for the 
number of turns in the coll and « for the frequency, 
then the ftieaii value of the induced E.M.F. is 
proportional to N S m, and this relation holds good 

' The /ime infe^pf^fi of Ihe pnsilive PTirl ne[f:piiive hfllf-waves art 
eijual, wharever inny Ijc ilit law uf vatuiliuii uf die aUeniadtiC; 
iLiniriicdiiiJi, 
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itever may be the ^hupe of the current wave 
producing' the magnetism, {Sec Note a at end of 
bocik.) 

It musi Moi be supposed that because the meein 
value of the E.M,F. is independent of ihc wave 
form, the s/mean square value is likewise unaffected 
by the shape of the wave ; on the contrarj', the 
Vmean riquare value bears no deRnite relation Lo 
the mean value, but depends largely upcti the wave 
form, which it is very difficult to predetermine with 
:curflC5'- 
ifij Reactanoe, — In conneclicin with continuous 
currents, the E.M.F. in the circuit can be expressed 

L in terms *>!' the current and resistance by writingf 
Ohm's law^ in llie form E = C >c R, We have just 
seer: how there is another E.M.F., called the E.M.F. 

I of self-induction, which very frequently ajiserLs its 
presence in a cin:uit carrying an alternating izurrejit, 
and the term rettcitincc h&s, for convenience, been 

I ^ii^en to the ratio obtained by dividing the E.M.F. 

of -lelf-inductiDii bv the current in tlie circuil. Thus 

I 

L ive may write 

^^H E.M.K. of self-indite lion = ciiri'ettt < reacfauce, 

h 



K 



the last term b^ing a mulliplier which will be 
directly proportional to the self-induction o^ the 
^iroLiil and to the frequencj' of the current^ but 
which will also depend, En ii certain extent^ upon 

e wave form of the alternating current. 

Thus, if a circuit has large reactance, the induced 

.M.F,, for a given current, will be greater than 
if the reactance is small. A load of incandescent 
lamps is an example oi a circuit of small reactance, 

hereas the primary winding of a transformer — 
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which, it] addition ic enclosing a larg*e magneiic 
fluxi has also a conMderable number of tLims — is a 
drcuit of lar^e resctfmcc j but this expressicn ha.K 
*; /TWfiNiH^ excepi in relation to a circuit carrjing 
an alternaling: current at a definite frequency, la 
fact, the chief reason why any reference has been 
maJe to thib term i^ that tl is used by many writers 
when tre^ilin^ of alternating currents, and without 
an elementarv knowledge of the meaning of such 
Urms, the reader would be seriously handicapped 
when taking^ up more advanced wcrks on the 
subject. * 
(17) Current now in Circuit Havins Keg]lfri1>lc 

S^lf-IndUGtiOU. — Let u^ Lronbidi^r ■.vi\ electric l ircuit 
which IS praclicfllly without self-induction, Lir eleclrn- 
static capacity. It may consist of a wire doubled 
back upon itself (in the manner adopted in i\inding 
reJsiMance coils for testing purposes), or of glow 
lamps, or of a water resistance. 

If an aJternating E,M.F. is applied to th« 
terminals of huch a clrcuiti the current at any 
instant will be cquol to the quotient of the 
instantaneous value of the E.M,F., divided by the 
total re^i^tdnce of the circuit ; or, 



Ci 






from ivhicb we see that the current wave will he of 
the siuTic shape a^ the E-M.F. wave^ and in phuse 
with it — a state of things which ii the evident result 

■Tht wurd irijfuefa'Jff in used ^y tonic u'riters to express whai. 
we have cfllleil ihe r/attaitrr of n drcLit - LuT ^ince iht EtiLme word 
K jiumenmes nscd in dcm>ie whni hat alreatly 1«*ti referrwl in ^\ 
ihe co^iieiit of idjjindtitiivn, ilic aailLcr liaa ihoii^lii iL advisable 
In avuKJ rlir iitc of it Alli^cthcr, itiid rrrn prevent ci>iifuaiDn. 



of the falfiJmcQt of Ohm's law; for there is no 
reason for ^nppo^in^ that Ohm'^ law is not equ^illy 
applic^-ble to variable a^ lo sleajJv currents ; it is 
only Decessarv to bear in mind that, in the case 
of vana.hk currents, the ttpplifd E. M. F. and ibe 
effective cr rtsuUajit E-M.F- io ihe circuit (to which 
the current is due) are not necessartly one and the 
same thing^. In the case under consideration, of a 
circuit supposed to be without self- induction or 
capacity,* there is only one F.^l-F. lending to 
produce a flow ^^ current — j".c the E.M. F. supplied 
at the Cerntinals -of the generator i the current wilt 
IhereFore rise and fall in exact synchronism rtilh the 
applied E, M,F. 

\\%) Ctirrent Flow in <^rcoit Having Ap- 
preciable Self-IndacCioiL^Ir ordi^r lo ^ct a better 
understanding of the whole question of self-induction 
in connection with alternating' currents, let iis con- 
,sider an alternating current flowing m a circuit 
^vhich has both ohmic resit^iance and reactance, as, 
for instance, -.\ coil of wire of many turns, which, 
for the present, we will assume, has no iron core- 
Such a current is shown graphically by the curve C 
in Fig^- 15. where inier^als cif lime are measured, as 
usual, horiEOnlally from left X^ right. The ma^notism 
due to the current C will vary in amount and 
direction in accordance with the variatinns of the 
current, ll may be culoulated in the usual way for 
any given value of C, provided ^ve know the length 
and cross-seclioQ, cr the mugnelic rtsistamc of the 
various parts of the magnetic circuit, and the 
number of tutus of wire in the coil. Let the curve 
w represent the rise and fall of this maeruelism. 

• The pffecis nf capirirv \r\\\ W dtuli ftiih in due course. 
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Since the induced or (tack E.M.F. due to these 
vaH^lions in the ma^etic induction will be pro- 
panional to (he rate of ch>7ugr in ihe loial number 
of ma^etic lines threaded through the cirL^ult, wc 
shall have no difficulty in drawing lh« curve E^ (as 
iu article 15, p. 45), which represent the E.M.F, oF 
self-induction, and which la^^s exactly one ^quarter of 
:i period behind the current wave^ 

W'c are now in a position to determine the 
potential difference which must exist at the terminals 
of the circuit in question. In order that the current 
C will flow through It. 

Draw the cun'e E^ to represent the H.M.F. 
rcLiLJired to overcome the ohmic resistance, li wHll 
he in phase with the current^ because its value at 
any point is simply C m R, where R stands for the 
resistance of the circuit. Now add the orilinates of 
E2 to those of an imaginary cur\"e exactly similar 
but opposite to E^, and the resulting curve E 
Will evidently he that of the impressed potential 
difference which, if maintained at the ends of the 
circuit under ctfnsitle ration, will cause Ihe current 
C to fiow in it. Thus we see how the relation 
between the impressed E, M-F^ and the re^iulting 
current may he graphically worked out for a.ny giveu 
case. 

From a study of the curves in Fig. 15 it is 
evident that the effect of self-induction is to 
make the current lag behind the impressed E.M.F, 
If the E.M.F. required to force the current ag-ainst 
the ohmic rcsi^tatice is small in comparison with 
the induced E.M,F., the lag- will be very con- 
siderable ; il cpnnot, however, exceed one quarter 
oi' a complete period, which limit is only reached 
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when the li,M.K. of self-induction is so large, anJ 
the ohmic resistance of rhe circuit so small, iis 
to render the E,M.F. requireJ to □verccimc iliis 
resistance of no account. 

In order to brieflj^ mim lip [he principles goA'^erniny 
the flow of an alternating current in a circuit having 
self-indue tion^ we may say that the varying current 
produces changes of inag-nelism, which ag-ain producf 
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a varying- E.M.F,, called the E.M.F. of self- 
induction. This, together with the E.M.F. already 
existing' (and without which no current would flowl, 
produces the effective or resultant E. M . Y. Ky 
dividing the i aliie of Ihi;; resultanl t-l.M.F. 3t i^ny 
instant by the total chmic resistance of the circuit. 
the corresponding current intensity is obtained- 
This condition nutsi ijlvvays be fulfilled, otherwise 
Ohcn'a law would not be satistiecl 
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(19) DiAgram Showinff Rel&tion ot E,H.F.'s 
Inductive Circuit. —We have seen in artk-le i^, 
p. 44» ajid again in di-ycu^sing Ihc i;iirvc!i of FJg, r^, 
that the induced K.M.F. lags exact])' go dcg^ behindij 
the magfneti^m — or self-inductuin ; und since thi< 
mag-"etism nses and falls m svnchroniam with ihi 
current to whiijh it owes its origin, the same- 
relation — i.e.. a phase difTerence ^.^f :i qaarler period — 
exists between the induced E.M.F, and current in 
an inductii/e circini, such s.s we hai^'e biaen coii' 
siderLLigf. 

Ag^ain, the effective or resultant E.M.F. required 
to overcome The ohmic resistance of the circuif is 
necessarily ui phase with the current (refer to the 
curve K,2 in i*\g. 15), and bcith these relations hold 
good, whatever may be the shiipe of the current 
wave, provided always that there 13 no iron or 
other mu^netic metal in the circuit- If, thereforfi 
AC wish to draw the vector diagram of the E.MhF-s 
in siich an inductive circuit, the two vectors 0E| 
and O E, (Eig. i^)*, representing- respectively the 
induced and the asefnl or effacihe E-MhF.'s, must 
be drawn at rig^ht angles to each other, witli Bjj 
in advance of O Ej, 

The nece>isiir>' impressed E.M.F, at the termioil^ 
of the circuit is found — as explained ou p 5'' 
article iS — bv compOLinding^ the EM, F. E^ with a" 
i iiugioary E, M- F, {0 e) exactly equa), but ofipa^^^ 
in phase to E,. In this manner the vector O E J* 
obtained. 

Nuw complete the triangle E O E^, and note tli^^ 
the lengths of the sides of svich a triangle represent 



■ Compare nhh Fig. lo, p. Ji. 
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spccCively the efTcctivi;; or useful E^M.T- : Ihe biiiLk 
M.F. or K.M.-F. of ?^€lf-indLictiori ; and the totiii 
(pressed E,M-F. at the terminals of lli? circuit, 
oreover, sine* the side O E is tlie hypoLhenuac 
a ripj-ht-auglad triaogfJ*, this latter quantity (the 
ipressed E.M.F) is always equal to the square root 
'the sum of tlie squares of the other two, which 
■kt easy and useful ruU to bt-ar iii mind. 





Effaciiva i:>r Resultant E M F 



E. 



Fill, J 6. 



should not be necessary to remind the rt»ader 
the angle & is thij *ing'^ 0/ la^ between th*; 
*ff«^:Li;'e and the impr^'^sed voXl^^ and thai c^a 0, or 
^t ratio O Ej ^ O E is the ^*«wfr /tjcittr nf th[!i 
partWar circuit- 
In calculating' the various E.M.F.''; hi the circuit, 
^ Jiuwn in Fig:, 16. the value of tlie i;urrent has 
Ogrfssarily been taken into act;ount. Let ua 
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eliminate Lhls factor entirely, by di\jdln^ tli^ llin 
quantities O E„ O E^, and E E^ by the value of tl 
current. The triangle need not be altered in aiv 
way ; ii has merely lo be tonsideretl as having been 
dr£Lwn to £l different scale. It m reproduced im] 
Fig. 17, and h will bo noted that the line O E^ new) 
stands for the resis/<rrtce of the circuit, while E E| 
represents the rt'iiciance (see article [6, p. 49), With 
regard to O E, siniJt^ this is the resnll obtarned hv 
dividing the totwl E-MnF. by the cnrrenl, it evidently 




ResJslarice 

Fin, 17. 



standi for the apparent resisltiHCC of the circuit, to 
which the name impedance has been g-iven. 
We may, therefore, write : 



iinpedanc€ 



impressed -wits. 



iimpefvs 
and again, 

impt'dance = -J {resistance^ + {renclanceY- 

It must not be overlooked ihat such expressictis 
and relations as the^e have only a limited usefultiesh, 
and the quantity imderstood by the word rmpetfaiirf 
i> merely a mulliplitr, which is not constant, tvfo 
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for a given circuit, but which depends — among other 
Ihingrs — upon the frequency and wave form of the 
Impressed E. M. F, 

A lirile consideration will make il dear that (he 
hig;her the periodicity, the more important becomes 
the retsciance relali\'e]y lo the rest sin no.', and that, in 
all cases where the back E.M.F. is objectionable, it 
is advisable to keep the perJodlcity as low ns possible- 
(20) Effect of Iron In Magnetic Circalt. — 
Although it is not intended (o inverilig"aLe the causes 
which lead lo a distortion of the current wave, i\t\d 
a certain lo*!s of energy when iron is introduced in 
the magnetic circuit, it will, nevertheless^ be necessary 
lo briefly note the effects produced when iron is used 
— as in generators, motors, and transformers — for the 
purpose of increasing the magnetic induction and 
concentrating it at certain points.* 

There ;ire I wo causes of loss of energy when the 
path of the magnetic lines is through iron ', the first 
is due 10 eddy currents, and the !^ecoiid to hysteresis, f 
Ui) Eddy CuiT^ntfl- ^ Whenever a conductor of 
electricity is placed in a fluctuating magnetic field, 
FoLicault or eddy currents are produced. These 
^ddy currents are in phase with the induced E.M,F., 
and they will lend to oppose the changes in the 
magnetism. Other conditions being similar, the 
"^e^n demagnetising tendency of such currents will 
Iw directly proportional to the specific conductivity 
^^ the metal in the path of the magnetic linei^ ; 
*^e power necessary to maintain these current:i is 

^ * The reader la itrfcircd In the huIKot's book, *' Altciriiliiic 
^nrreDlii, snd ihe Theory uf Trarififornier."," iVir n. simple cxpUnalifii 
iif llie mobi iiup^arrunl eftecls due l<j l}ie ]Jr?b?ni:r uf irtia in ihe 
mi^jue circuil- 

tSe^ p. 41. 
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dissipated in the form of heat in the ma^s of th 
metal, and this \<tss of power would be \cry cori' 
si d arable unless special precautions were taken tt 
reduce it. 

The remedy -which i^ adijpted in the cores of al 
Lilternating;- current machinery — is to laminate o 
Jii^ide the metal core in a direction parallel to thi 
m[i^netic flux, and slightly insulate the adjacent 
plafes or wires from each other. In this manner 
Ihe losses may be reduced to a very small amount. 

(saj HysMrealA. ^ The losses due to hysterc^i^ 
occur only in the case of the niagnetic lines passing^ 
through a ritagrtt^iic metal, such a^ iron, and they are 
in no w^ise dependent upon the degree of lamination, 
of ihe magnetic circuit. 

It is well known that nil iron, even the softest and 
purest, retain^i some magnetism after the Tnagnetisiii^-^ 
force has been removed. By applying; a magnetising- 
force in the opposite direction this ^'j7^<//^a/magiietisui 
is desrroyedj and the magnitude of this force — or, iu 
other words, the amount of work which has to be 
done to withdraw this magnetism — depends upon the 
qualitj' of the iron, Soft aiineEited wrought iron 
retiiins most magnetism ; but, on the olher hand, il 
parts with it more eur^iJy than the harder qualities of 
iron and steel, and for this reason requires the least 
expenditure of energy to carry it through a gi\e:i 
cycle of magnetisation. 

The frequency, or number of alternations of the 
magnetism per second, does not appreciably influence 
the loss Through hysteresis pi*r cycle, and, therefore, 
tlie losi of power per cubic inch or per pound of 
iron in the path of the magnetic lines will be 
proportional to the frequency. It has also been 
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pertained eicperimeatall}' that itie energy' expended 
ill carrying a given sample of iron through one 
ijomptete cj'cic of mag-netisatioti is npproximotely 

I proportional ta the i fith power of the limiting 
induction ; and if B .stands for Ihi; masimum value 

^^^ the induction, we may, therefore, write 

^^M waifs losi per pou^id of iron j. B^"*^ x frequency*. 

^^V In the erase of well -annealed commercial iron 
stamping ■;, the hysteresis Loss per pound at a 
frequency of yy periods per second would be about 
'09 watts with a limiting induotTon of 15,000 C\G,S. 
lines per s^jiture inch of cross»sec[ional area, and 
about '25 watts at double this induction — f>., 
3O1O00 C-G.S. lines. 

Assmnhig Lhe iron stampin^ii to be 014 in. thick, 
and sufficiently well insulated from each other, the 
I tfddy- current losses for the vame frequency and 
^ninaxirnum inductions would be approximately '02 and 
^^pD7 watts per pound ; from which It will be seen 
thiit lhe losses dxie to eddy currents in the iron cores 
are of lesfr importance than the hysteteiiis losses, and, 
indeed, with low inductions and low frequencies the 
^ggiJdy -current kT^ses are almost ne^iligihle. 
^Hf (zjl) General CoaoluBiona Regardrng the Intro- 
^ductlcm or Iron in the Magnetic Circuit. — ^Let 
h consider a choking coil consisting o^ a number of 
of wire, and draw two vector diagrams for 
ch a circuit: the first jFig. ]8) showing relation 
of current to E.M,F. on the assumption that Lhe 
solenoid or coil of wire has an ;iir core i.c.y no iron 
c(ire — and the second (Fig, ig) showing what lakes 
place Id the same coil when an iron core U intro- 
for the purpose of reducing the current. 
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For the sake of compariaon, wc shall assumc» in 
rhe first place, that the resistance, R, of the coil is 
constant in both case^, and eqii^l id four uhm^ ; mid 
in ihe second place we shrill see what are the 




te. 
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relations of impressed E,M,t', and current to induct 
in each case a constant hai:k E. M.K. of loo volts.* 

' The TPlaliuTi between mignrEic Qlik aiici mrrcTiL wis difiCU^Md 
in arL 13 ; ^ii<] in ail- 15 ii v-\i cvpl]»iiie<i how The inducfl 
M.M-?\ cHJi lie cakulALcil fur any pojiicLil^r p<rmL rn the cyclp n| 
im^ueliaaliuiid We ^IiaII, (liett'ffjrL^t aiiatuikc EJiat llic ciirrcnt leuLiiiCi^i 
in ihc preaenl eiiainplc, lo pioducc tlic ^M?n ii^iiccd F^,M->\ "f 
IDO v«USf an be readily cnlculatfd ; biil if ihe jtudcr wE^hb to ^ 
more fully inlo ihe qoAlion, fie n lefrrti^d Ut Note 1 at Ihe end "f 
rJip hnok. 
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Fig". iS (which should be compared with 
ro, p. 32) draw O e^ of such a. leog^th a s to 
^sent the induced E.M.F. of 100 vo]t{>, and OC 




Fio. 19, 

:ly 9a deg, I'li advnirce, to represent the 

tf^nelising^ currenLt that \s to say, the alternating 

It of which the maximum viilue will produce 

■cessAry magnetic Auk to induce the E.M.F. itf 

rolts in the windings of th« coil. We shall 

is this current, C, to be exactly ro amperes- 
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The E.M.F,, tr^, required to send this current 
against the resislance of 4 ohms will be 

e^= TO X 4 = 40 vottSi 

aud Ibis component of the lota] E.M.F, must bt 
drawn in phase with O C, The total necessfii 
imprcd^ied E.M.F-* E, is obtained by compoundingj 
O t\ and an ima g-inary E-M, Fh exactly equal, but] 
opposite to O fj. This will give us the value oJ 
E as about loS volts, -^nd the angle of laf 

li will be noticed that the current lags consiJerfibl] 
behind the impressed E,M»F,, and this lag woul( 
approach mc*re and more nearly ti> its limiting- value] 
of go ileg. if the resistance of the coil wercl 
diminished : if it were possible to make R — o, the 
current C would be actually wattless \ as it is, the] 
power loat m the choking^ cojl is all spent in heath 
up the wire — the alternating' magnetic Jlux costi 
uoihing" to produce. The actual power lost in 01 
example is 400 watts. It is equal to C" R or to] 
O C X O e^^ or to O C x O E K caj tf. 

We shall now suppose that the magnetic circuit 
instead of being- entirely through air, is made Lip^ 
either partly or wholly of iron, which must 
laminated to prevent an abnormal loss through edd] 
currents- 
Draw O fj in Fig. t9j as before, to represent 
TOO volts ; but O Cm — i-e.% the necessary magnetising"! 
current — will not be so great as O C in Fig-, 18, 
because the introduction of the iron core has provi^ 
an easier path for the magnetism. We shall suppose] 
that O Cm = 5 amperesj or half the magnetising current 
of the previous example. This is not, now, the 
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curreiii in the coH^ bur merely tliat component oC 
llic total current which is required to produce the 
necessary' mognetic flujc : it must be drawn, as before^ 
exactly 90 deg, in advance of O p^. 

Let us suppose that the ft^dy currvtiis in the Jron 
are responsible for a los£ of power equal to 150 watti^, 
and thai the hjfsisresis is responsible for ^txt watts. 
This total power of 450 ^i-atts has to be supplied by 
the generator — or whatever source of supply the 
choking" coil is connected Lo — in the form of a 
component of the total current flowing- against the 
induced E,M.F., the portion of the current required 

lo provide for the eddv-curreiit loss being — = 

100 

I "5 amperes, while the hysteresis componeul of the 

current will be i — = ^ amperes. 

too 

These two components of the total current are 
shown as O C, and. O C^ in Figf. ig, and they are 
drawn in a direction esactly opposite to O e, [the 
induced E.M.F.). The total currcjit O C is obtained 
by compounding O C,^ and O C „,, the last vector being 
equal to the sum of The two Toork components, 
C, and OCi", 

As regards the E.M.F., the volts required to over- 
come the ohmic resistance of the coil are, ^> before, 
in pha.se with the total current O C ; and since this 
measures very nearly 7 amperes, the vector Of^ mn?5t 
be drawn of such a Icjiglh as to represent 7x4 
- 28 volLs. 

The resultant or iolsi.1 neces^iary impressed E,M,F- 
\% obtaine d b y compounding" Oc^ and the imag"inary 
E.M.F. O e^ CHactly equal and opposite to Of?,. It 
*ili he found that the ang^Ie of lag 9 is now about 
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38 deg-., while (he total power lost ^OCxOErorW 
= abcul 650 watts. J 

Thus, aithoug'h the C^' R losaes are less, owiag; to 
the reduction of current due to the introduction of 
itn Iron core* the los^ies in this core are themselves ' 
of such importance as to make the total losses 1 
greater than in the previous example. This, haw . 
cY^'r, is by no means necessarily the case when iron 1 
is introduced in the mag-netic circuit. The assump- 
tions made for the purpose of drawing the above 
diiLgprams arc arbilran-, but they serve the purpose 
of showings in what manner the lo^>ies in the iron 
core appear in the supply circuit and affect the 
mag^aitude and phase displacement of the total, 
current. | 

[24) CApaclty, — The effects of electrostatic capacity 1 
are of far more importance in alternate - current ' 
workings than in coni^ection with contimious currents, 
and ws shall bne% examine the conditions arising' 
out of the introduction of a condenser in a circuit 
carrying- an alternating current. 

The chief difl'erence* in this respect, between a 
continuous — or unidiraclional — and an alterriatinjj 
current is that the former, after charging up the 1 
condenser, will be absolutely interrupted, while the I 
latter will continue to flow to an extent depending 
upon the capacity of the condenser, the pressure, 
and the frequency (not to mention the wave form, 
which must also be tal^en into account). 

Any arraiiy^emeni of two conductors of electricity 
separated by an insulator forms a condenser, of 
which the capacity will be large or small depending 
upon the nearness, or otherwise, of the conductors, 
and the nature of the dielectric between them. 
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Ncit only will a concentric cable have appreciable 
capacity, owing" to the arrang-emeiit and proximily 
of the inner and outer conduclorsn but overhead 
conductors wilL also have a certain capacity rclfilivdy 
lo each other, and relatively to ihe earth. 

The effects of electrostatic capacity in the casit of a 
conductor supported on poles at a reasonable di^tance 
frorn the tT^ound arc ver>' small, even on a long 
Iransmission line» proinded th^ Jivifitt'iuy is ltr:t' : but 
further reference will be ntade to this particular 
case when dealing- ^th Ihe transmission of power 
by polyphase currents. The capacity of a concentric 
underground cable, especially when insulated with 
rubber, is a much more serious matter. The 
capacity per mile of any particular make and si;^e of 
cable wilt always be furiiisbed by the manufacturcrt 
and the total capacity of any feeder or distributing 
system can, therefore, he readily calculated when the 

iffth of Ihe different -sues of cable is known. 
25) CiUTeiit VUxw Thronsb a Condenser. — [f 

couple of ballistic galvanometers are connected to 
the two coatings of a condenser, in series with a 
battery or other source of continuous E.M.F,, as 
shown m Fig, ao. it will be found, on depressing the 
key K| that the swing of both galvanometers is such 
9s to indicate that the same quantity of electricity 
which passed into one set of plates has passed out 
(^ the other set of plates. But, nevertheless, the 
condenser Is now vhnr^cf^ and if the key K^ be 
clcpre^^cd {af^or releasing the key K)^ ihc same 
quantity of electricity will flow through the circuit 
K^ when the charging key was depiei^sedn only the 
How will be in an opposite direction^ as indicated 
by the swing of both galvanometers being approxi- 
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mat^ly Ibe same as befi*re, but in the reverse 

tiireclit.*n,* 

Bearing these facts in mind, it will not be difficull 

to under-itajid tliat an alternating' current will huve 

the property of flowing Through a condenser, and the 

following- remarks should assist the reader in forminer 

a mentiil picture of what talcei^ place- 
In Fiff. ^U A is ail alternator jieiiJ K a. condenser. 

whichj in practice, might be a long concentric cable 



r& 



II 
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With the two conductors disconnected and \tell 
insulated at the di^tanl end. 

So ^ong as the alternating current is fiowing in a 
posirive direction, the coniJen,ser is being chHTged, 
but as ^oon as ever the current reversesi the con- 
denser he^iji!^ to discharge. The maximum charge 



• A charged c«ndi:nser should lie con^deitd, no', aa cuntaiiiiD^ 
A jrUire uf dlttlricily, Lul a •tlVTZ of cIctLric cnciKj, wliith imy be 
n^trl foi t\iAr\c useful v-cnk Ipv pining ihc lemiinals of the ciindenp^ei 
0^rr>L]£h an itleclrio cirdvil. In ilii^i re&pecl ii niny wUh advcinia^ 
l»e CDinpar^d with a deHtricrl ^prii^ uihich, f,o long at, il i'S LepE 
m a stale (kf *ilriiiii, has a I'CTliiin fiipacily ffir doii^ wurk. (Sef 
alM» NiJie 3 a; thd oflxxjk-J 
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of the cordcn*;er^-which corresponds with the maxi- 
mum vaJue of the condenser E.M.F, — will, therefore, 
of necetisity occur at the instant when the current is 

Jn Fig. 22 the curvt r represents the ctirreiil 
flowing ihroug-h the condenser, and the dotted curve 
</ repte^entA the charge (in coulombs) which, k will 
be noticed, has been steadily growing- from its 
*wgafh^ niasimum value to its positii'e niaximLim 
value (rf) during the vvhule lime the current has been 




Km. 21. 

flowing in a positive direction. This curve y will 
therefore lag hehind che current curve by exactly a 
■quarter of a period. 

Next, ;iJi teg-ards the condenser E,M,F. ; it is 
evident that this will always be sut;h as to oppose The 
applied I^.M.F-, or, in other worda, it will tend lo 
ej^Pe! the chargpe. 

We may, therefore, draw the curve *r^ exactly 
opposite to ^, the length of the ordinate at every 
point being equal lo 

guGttiity (or charge qf shciricily ) 
capacity of cofi^emer 
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rf we neglect Ihe resi^lance of generator and 
leadsi and also certain losses which nctnir in ihe 
condenser itstlf, the curve c, in Fig- J2 — i.e,t the 
potential titfTertnce at condenser terminals — will be 
exactly equal and opposiie lo the Hllernalor E.M,R 
Thus^ the forifieui'ei- E.M.F, is c3(actl_v a quarter of 
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a period in advance of the current ; and thj:> is 
interesting when it is remembered that the M.M.F. 
g/ sef/-ijtdijcff0fi always /i/gs be/imd I he ojrrent by 
the *ame intervah 

Tills suj^ests the pos^iibility of counteracting; th* 
effects of induction by the introduction of capanlT* 
or vicf versa, and, indeedT the one is sometimes usei 
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in practice for the purpose of parti3J[y neutralising 

tfte efTeci of the oiher, with mridtraie success ; 
variations in the frequency or any slight modifica- 
tion in the waie fi^rm of the applied E-M-F., such 
a.s will occur as the load on tlie generator Is varieJ, 
win considerably interfere with the balancing* action 
of a condenser snd choking coiL 

As regards the mat;"'t'"'c t>f ihe mndenser current 
{c in Fig, 23), if rw ttssumc the E.M^F> wnvc to be it 
sine curve*. It can be shourn thai 

2irH K E I 

r B _ 

I fOOOfOOO 

where « = the periodicity ; 

K = the capacity in microfarads ; 
E = the applied K.M.F. at conden^ier terminals 
in volt-s. 

In very tong concentric feeders, Ihe current flowing 
into the cable when there Is no connection at the 

* It u. impi^rtnnl ir^ iiotff ih^l the npucily turreitl Lakfn U/ :i 
qabtp, iir fithrr finiclenftiT. will rkptrnd iriinfJiileraMy u|kiii the uavr 
fiwm of Uht apjiUcd puicmiaL tliflefciiti:. Tim.',, in place uf ihe 
muUip]it:r 2 ir (i^>r d'sSj), in ihc formalA (\n 4 :>jiii|}le lianijEiJiir 
varialinn — 01 s\\ic wavir—'^c riliuqU] hiiic lu tiuUsLiLuie 4 ,^3 (1^ 
6~9z3t if (he '^J'p-d were <jf Li IriAiij^uLii ahapc, widi ^Irsigln ■lidc'i, 
hhd thii crittCTiptnds [h> an increase of 30 pet ctnU in the hiiiiuunl 
ol ihe cafMcily cmrenu A pontiod form of vvavt; i',, Lbtreforo, m 
l»e avoK^e'J if il 1^ dt^irah't' lo ktfp down ihi: csii>9city cuf rem ^ 
lint iince ihe wuve frin" of all nUrmsilnrs clinrgts. in a ctrlnin 
TTiom, a.^ ilie krail iur*n> un* iJitrc f\\\y m any fn^, be a ^amlfon 
in ih*: c>Lfaii;Jiv cmreui depending upon iliu IiaiiI, and lEiU ^<uijii]i>ii 
inay even flmi>uTil lo a^ inadi 0.^ go per ci-nL. ft is, ln/wcvcf, llif 
riipfldly cuntnl aX li)^ki ioath vhich is cf the j;rtjUi.-£i[ inipcjrLnncf 
in prurtice* Iwcruiihr al \\vne\ \\\ heavy 1<»ari ju ffl>.'i-K arc r<]I feh i»» 
anilhing liLL4^ Ihe same triem. Shuuld thi! K. M.K. iiave have stv-mr 
|ieiilL>v — i-t~. niurc Chan njic iiiiLviLniiiLi uluc per liaff - wave — Ihip 
m^Lild l»c guile ilic *vucM fifmi uf wave ^a ic^'iird'i llic ca[iK'iiy 
vuircnL, which mighl. efl.--i1y be diiuMedf soldy un jix^nmni ..{ iJin 
pH'ulipfi(v in tht ■^h&pe "f Hit ^:ive. 
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Jisrant end is sometimes quite appreciable, especially 
when the cables are insululed wilh rubber, and thfr] 
frequency and pressure are high. Tliis is the] 
capacity current, and its effect in increasing the] 
tola! current is readily ascertjdned when it x*,j 
remembered that this component oF the total current I 
will be 90 deg. out of phase with the iiserul current | 
delivered at the distant end of the feeder. !f wc I 
assume the load to be no n -inductive. J 

Thus, if I 

C — the ingoing current; 1 

Ci = the condenser current (say, 10 amperes] ; I 

Cj = the outgoing current (say, 60 amperes), I 

wo may write J 

C •- ^L\^ + Cj^ — 6o"82 umperes, ^^M 

which is very lilUe greater than the outgoing! 
current; and the example illu^ilrates the fmii of the 
capacity current becoming of less and Ie5s importancet 
as the load on the feeder increases, I 

Perhaps one of the most extensive systems oTJ 
concentric, rubber-insulated, underground cables 'w 
that of ihe Society Anonyme Belg-e Eclairagc] 
Clectrique de Saint Petersboui^i There are about I 
240 kilometres of cable in St, Petersburg Forming 
the high-rensioji network of ibis companj^s msLin?. 
The charging current, for the frequency of 42"S ani 
n pressure of j.ooo voUs, is about 47 amperes ;^ 
but ihere are nearly j,ooo transformers au the' 
circuit9> taking a total magnetising current of about, 
250 amperes, which more than balances the, 
abnormally large capacity current. 
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Polyphase Cuhrsnts — General Prisoiples, ami* 
svnchronol's generators. 

{z6) When siaglc-phase aJteniating currents were 
first used, on a lat^e aculc, for mcitndescent electrb 
lighting, na satibf;ictory sing^le-phHse motors were 
obtiilnabk. One ^f the dilliculti^s m the way of 
producm^ commercial aUernating-carrent motors was, 
no doubtf the high frequency (;ibout loo in [his 
country) which had been adopted tbr the lighting 
circuits ; but, apart from thii*, the problem of 
designing single-phase motors capable of starChig 
und>^r loa.d, is by ro meati<^ a simple one. The 
Milroduction of polyphagia (^iirrerits^ by the aid of 
ivhich a. rotaiwg magnetic fi^hl could be obtained 
from stationary windings, completely solved th^ 
problem of the altern^lJi^g-current motor. 

The idea of producing a rotating magnetic Beld by 
means of polyphase cLirrent!^ may be said to date as 
far back as "879, *\hen Walter Baily read a paper 
before the Physical Society, entitled ^' A Mode of 
Producing Arago's Rotation ' ; htii, although several 
pa.teats were taken out during the ensuing years, 
nothing serious Mitb done in this coni^ection until 
1S91, when M, von Dolivo-Dobrciwolsky and Mr. 
C« E. L. Brown put down their complete hchcme 
of three-phase power transmission from Lauffen to 
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Fraiikfurl, After this, the use of polyphase motors 
€KieiideJ rapidly. 

Dt^Hiiion, — A polyphase current may be defmeJ 
as n combination of two or more alternating currents , 
ull of the same periodicity, but having certain phase 
diflferences between them. 

(27) Prodnotion of Rotary field, — In Fig, 23 
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we have a representation of a two-phase current, 
the phase angle of which is 90 degn It will btf 
seen that this diagram merely represcnt'h two simple 
harmonic alternating currents, A and B. of the same 
frequency, and the same mag-mtude, but differing' in 
pha>e by a quarter of a period. 

Let us imajpne these two currents to be fiowinj; 
respectively in two coils, A and B, set at an angle 
of 90 de^, to each olher, in the manner shown \\\ 



PRODUCTION OF ROTARY FIELD, 7^ 

Fig. 24. We shall further assume that when the 
current A Is flowing- m a positive direction^/.c, , 
when it is measured above the datum line, Fig-, 23 — 
it will produce a magnetic field in the upward 
direction through the coil A; and when the current B 



Fio. 24. 

is positive, it will produce a field from left to right 
through the coil B. 

In order to see clearly how the resultant field, 
due to the currents in the two coils, revolves round 
the centre^ O (Fig, 24), let us start at the instant O 
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{I'rg- 33)- The resultant field at cbis instant is 
evidently O R, wliich represents the 5dd due to the 
maximum nej^ative value of the current B — the 
value of A^ at this instant, being- zero. 

After the lapse of one-eighth of a period, the twa^ 
currents (on the as^timptictn of a sine curve wav^ 
form) are exactly equal, but A will bt positive and B 
iieg^ativc : the resultant field will be O S, After 
jinother eighth of a period, the resultant field will be 
that due to the maximum po?;itive value of A ; it 
would be represented by a vector equal in Icng^th to 
O R, bLit drawn in a vertical direction from the 
i:enLre, O, upwards. Al the instant / (corresponding 
to the 7/i6ths of a complete period) A =- ^ ™ and 
B = / w, both being positive. The combination of 
these two component fields g^ive* us O T as the 
resultant. It b not necessary to carry the construc- 
tion any further, for it is evideni that the combined 
effect of the two currents will be to produce a 
miffuellc fieid of constant intensity, equal to that 
due to the maximum value of either current, 
revolving round as a centre at the unifornt 
rate of one revolution in the time of one complete 
period. 

Akhough we have assumed a phase difference 
;i quarter period between the two currents, and an 
Angle of 90 deg- between the axes of the tw^o coils^ 
it should be stated that a rotating^ field can b 
obtained by means of two pha^ie currents, whatever 
mny be the phase difference between thein. 

The ticcessary condition for the production of a 
uniformJy rotating field of L'onstant strength by the 
combination of two alleniating- magnetic fields i* 
ftimpiy that the angle which the positive directiona 
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rtf I ho a^lternating field>^ make with each utber must 
be the supplemeiU of the phase Hngle. 

Thus, if we had assumed a phase difference uf 
lOD d^. instea^d of 90 deg', between the two currents 
shown in Kigf. 23, wc should have found it necessary 
to draw the coils A and B io Figf, 24 with an 
\v\^W of (tSo — x^ deg. or 80 deg. between them 

;tead of at right angles to each other. 

With regard to the intensity of the resulting 

rotating field, on the assumption of the sine law of 

variation, this will be equal to the maximum value 

<y\^ either of the two (equal) alternating- fields, 

uifiplied by the sine of the phase ansk. 

Although the proof of the above statements is 
simple, we >hall content ourselves with an illustra- 
tion, which, at the same time, will cjtplain the use 
of another diagram, sometimes preferable to the 
curves of Fig. 23, ftir representing a-lternating- 
quantities which follow the simple harmonic law of 
variation. 

We irliall assume the phase difference between the 
two currents to be one-third of a period, instead of 
one-quarter of a period^ as in the previous evample. 

Draw O A and O B, In Fig, z^. to represent the 
mttximum v/r/ucs of the two alternating; mag^netic 
|i(?ldhi. These vectors must subtend an angle of 
120 deg' between them to represent the phase 
difference of one-third of a period. 

With O as a centre, describe the dolled circle of 
radius equal to O A or O B, and on each end of 
the vertical diameter describe a smaller circle, of 
radius equal to half O A or O B^ in the manner 
shown in the figure. 

>Jow imag-ine the two vectors to revolve in a 
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coiin/ef-ciock^ise dif^eciion — as indicated by the arrow — 
at a uniform rate of one revolution in the time of 
one complete period. The length of either vector, 
measured from the centre, Q, to the point where \\ 
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is cut by one of the inner circles will then be a 
measure of the field intensity due to the current in 
phase A, or in phase B, as the case may be, at 
any particular instant througrhout the complete cycle. 
Measurements made in the upper circle would denote, 
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say, a positive direction of tlie mag-occic field, while 
measurements made in the lower cifcle wou^d 
indii^Aie a magnetic fluie in the opposite, or negative, 
direction. 

The proof of the above statement is X'cry sifnple. 
In Ihe first place, the an^Te O P S of the triangle 
OPS, constructed wilhin a semicircle of which O S 
is the dianieter, is always a nght angle ; aod since 
the ang-le P S O is equal (o A O N, we see that 
O P is always equal \o OS sin tf» or O A sin (*, 
which is the same thiny. Now. the reason why the 
simple li;irmonic curvet% H-s shown in Fi^. 23 are 
sSso called siiie curvets, is simply because the 
ordinates of such curves are directly proportional 
to ihe sine of the lime angle ; and it* Iherefore, 
toliow:* Ihnt the portior^ O P, of any revolving 
vecTLir such as O A or O B, which is contained within 
either of the two small circles, will he a mea^sure 
of the iiislantaneouii value of an alternating 
ijuanlity which follows ihe simple harmonic law of 
variation. 

Let us now se^ how the combination of the two 
alternating lield>b, A and 6 — when B lags behind 
A by onc'third of a period f 120 deg, )— will produce 
a rotating field when combined at an angle of 
(iSo — iJo) deg. Of 60 deg. 

la Fig. 26, the Iwo coils arc shown at an angle 
of 60 deg. to each olher ; and, since the field due 
tv> each coil will be at ti^ht angles to the plane of 
th e coil, Ihe lield component due to coil A will 

Fays lie on the diameter to— 4, while the field 
iponent due to B will lie on la — 6. 
it the particular instant corresponding to Ihe 
^!4ilion i3f Ilie vectors shown iiA Fig. a^ V\\t 
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resultant field wiU be O- i, obtained by compound- 
ing Of and O d. After an interval of a iwelftti of a 
period (jo degrOt *^e two components will be equal, 
but of the same sign^ as before — i.e., A wiil sti[] be 




positive, and B neg-ative : the resultant field is O — a 
of which the components ^re O — 12 and O — 4. 
After another twelfth of a period, the veclcr A 
(Fig. 25) will have reached its maximum positive 
•VaJue, Tvhik B will have fallen lo half its maxinmm 
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n^aiKe value : the resulunl Reltl will he 0^3, 
obtained by compounding O t' and O / And so on : 
il will be found that the resultant field will revolve 
round O as a teiilFe, at a uniform rale of one 
revolution per period, and it will have a constant 
value represented by the radiiis of the dotted dri'le 
in Fig^. 26. This rrtdiuh is evidently equal to r 
sine 60 dcg-.-that is to sny, the intensity of the 
uniform rotary field will — for this particular phase 
difference— be equal to the maximum value of any 
one of the component fields multiplied by the sine 
tif 60 deg'- 

This confirms the jjeneral statement previously 
madCf to the etfect that the resulting rolary field 
[s equal Lo the maximum value of either of the two 
equjd alternating^ (icldy, multiplied by the sine of ih^ 
phase angle. It is true that the phase angle, in 
our example, is 120 deg., and not 60 deg,, but the 
sine of [3o deg*. is the same as sine (iSo -120) de^. 
or 60 deg*. 

Thrvv^Phas': Cur/vrUs^ — lt has been shown how 
^ rotating field may be produced by means of two- 
phase currents, and the reader should^ therefore, 
have no difRcully in understanding that the tiitme 
results can be obtained by using any number of 
currenls, with suitable phase differences between 
them, and a corresponding number of field coils 
arranged to subtend the proper angles between eai^h 
other, 

Kigf, 27 shows the three currenit of a three-phase 
system with si phase -mg^le between them of uode^., 
or one-third of a complete period. It is not propo.sed 
10 draw any more diag^rams on ihe lines of Figs. 25 
and 26 : but it will bi^ understood Chat we have 
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mer[i[y to imagine a third vector drawn in Fig, 25 
m the directii^n O C, anJ ;i ihird cdl '\n Fig. aG 
ucross the diameter u— 5, when it wil[ be found 
Ihat the combination of the three allernstingf fields 
will produce a uniform rotating field, exactly as in 
Ihe case of the two-phase system ; the only difTerenct 
being- that the intenrshy of the rotating field will 
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now be equal to 15 times the amplitude of any 
one of tha three (equal) alternaihig fields. 

In practice the rotating field Is not necessarily of 
constant stren^h, neither does it always revolve at 
a uniform rate. Thus, if the currents in the coil^ 
do not follow the stne law, the resultant field will 
\"ary in amount. 

Again, if the induction 111 llie iron forming the 
magfnctic circuit he carried to high values, the 
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fh-mt^abiiity may be far from coiislaut, iiiid, esen 
witli a currcLil fodowiug' tlie simple harmonic law, 
the magnetism might v^ar)- in a very different 
manner. IE is< therefore, ad^^ahie lo work wilh 
compa-iativeJy It)w inductions, and to w^e generators 
giving, as ncariy as pL^ssible, sine cuit'c E-M.F. 
waves under all conditions of load, 

Tiic effect of inftccurate spacing of the coilsi or 
of unequal currents in the different phases, will also 
be lo produce distortion of the resulting field ; but 
the remedy is obvicus. 

(28) Utilisation of Rotary Fiold. — Consider a. 
small Lontinuiius-cufrenl dynamo, of whicli the iield 
magnets are fully excited, but with the brushes 
lifted off the commutator. 

If there is no fauU in the armature winding, it 
will be possible — by means of a lever or pulley 
fixed to the shaft — to revolve the armature by 
hand; because, although E.M.F.'s will be gencrateU 
in the windings, th*^e balance each other, and there 
\\\\\ be no circulating current. 

If, on the other imnd, one or more of the 
urmatiare coils are short-circniled, the eiFect ;vill be 
the same as if a strong brake had been applied, 
and it will not be possible to revolve the armature 
by Iiand, except at a vizry slow rate. If only one 
coiJ he shori-circuitedj iL will be possible to move 
the armature freely so long as tbc shorted conductors 
lie in the gap between the poles ; but as soon as 
they enter the fringe of ma^^iietism under tht pole 
tips, the braking effect will be felt. Again, if all the 
coils are shorted — a result which may be attained 
by winding a few turns of bare copper wire round 
ihe commutator^ — there will be no positions of the 
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armature belweeii whkh it can be freely moved; but 
the mag^nelic braking action will be felt uniformly 
throughout the complete revolution of the arma- 
ture 

It is evident that these effects are due to the 
currents generated in the closed coils of the arma- 
ture, for thc5c will always flow in such a direction 
as to oppose the motion of the conductors through 
the field. The torque whit:h has to be ejcerled to 
make the armnturc revolve, will be proportioral to 
the product of field Sitrength and armature ampere 
turns under the pole-piece:^ ; and the power required 
to revolve the armature will be expended in the form 
of C R losses in the armature winding^s. 

Let us now suppose thw,l the whole framework of 
the dyramo, including- the system of field magnets, 
!nste;id of being bolted to solid ftiundatioiis, ifi free 
to revolve on the armature spindle- Wc ^ihalt 
not — with this arrangement — experience the same 
difficuliy iQ revolving" ibe annature, becao^e — if the 
system of (excited) field mag-nets be perfectly 
balanced, and the friction of the bearings be «maU — 
the revolving armature will draw the field mag-nets 
round with it ; and, indeed, if frictional losses could 
be entirely neglected, the armature and field would 
be magnetically !oi:ked log^ether, whik the whole 
system could be revolved in space without requiring- 
anv expenditure of power. 

If there is appreciable frictional resistance to the 
motion of the system of field magfnets, the latUr 
will revolve at a slightly slower speed than the 
armature; that is to say, there will be a certain 
slt'fi, or r-claiizy s^;'d between the two parts, which 
will automatically adjust itself until [he currents 
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generated in the armature conductors are sufficient 
to produce the necessary torque, 

Althoutrli we have briefly considered the case of a 
revoli'ing armature drag^ging the field with ir* The 
arrang^ement can be reversed, iud if the *>yatem of 
I fie[d mag'oets be revoJved, the short - circuited 
I armature will he drjipged round at approK-imately 
the same speed : the E. M. F.'s gencralcU in the 
armature winding's^ for a constant strength of field, 
will depend upon the ra/e ui ivhi'ck l/i£ tnugnflic 
I iines arc cut by the ur^uUure conductors — i.Cy upon 
^the reia£ive speed of field and armature. 
^^P In a polyphase mutor, the? (LrmaLurPt or rotor, may 
^^onsist of three or more wiudingfs dosed upon theni- 
\ seh'es, or — as is frequently The case in small machineii— 
it may be of the squirrel-cage type, in which heavy 
■conductors, threaded through the iron stamping's near 
[he periphery, are joined tog-ether^ at each end, by 
substantial metal ring^s. In both cases the effect is 
vhe same i the revolving- field — produced in tht? 
manner alreadj' describedr by the winding's on the 
J Ai/iJ/' —generates ti.M.K.'s in the short-cJreuited rotor 
windings, and the resulting- current produces a torque 
tending to drag the armature roui^d against the 
resisting forces; these resisting^ forcejj bein^ madt 
up of bearing' friction, windage, hysteresis, and eddy- 
current losses when running Hght, with the addition 
of the torque due to the load on the motor when 
the hitter is doing useful work. 

Although the theory of the polyphase meter 
I will be treated more fully in a later chapter, it 
I is important that the reader should have a clear 
mental picture of the revolving field drag'ging- the 
short-circuited armature with it. Imagine (he resist- 
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iirtci-' of tt)c closL-d armature windings to be nil; 
lliLNi, whatL'VLT may be the load on the motor, its 
spL-cd would be absolutely constant ; the armature 
would he miigncticalfy locked with the revolving 
Tii'ld, becausethe slightest "slip," or difference tn speed 
hetweoii field and armature* would induce infinttefy 
great currents in the windings of the latter, and 
iiistimtly pull it into step. 

In practice Iho .\Ii/f does not exceed 5 per cent,, 
and il will roach its greatest value when the motor 
is doiufj' its maximum load. It may be asked, what 
dovs this 5 per Lent, difforence of speed represent? 
Tho answer is that it represents power lost in 
heating the armature conductors. Thus, if the Geld 
rcvolvi>!4 al i.ooo revolutions per minute and the 
annulurt.' a( 960 revolutions, and if the torque at 
this parliculi*r speed is 100 staticj^l foot * pounds^ 
wo have; 

lU^rse-power 4M/^ir/ed /a armatarv 

100 X 3 r X 1,000 
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Ihe primary circuit (sCaEor windinpi-sj g^row?? in 
response u the demand for additional power as liie 
load on Ihe rotur incrtasesi is not possible wilhoul 
a krowledg-ii of the main principles underlying* the 
working of Jilternate-ciirrenl transformers: we shall, 
therefore, leave the more detailed consideration of 
the induction motor for tbe present, and briefly deal 
with the question cf potvph:^se genemlors. 

(29) PolypliAse Generators. — It is not IntE^nded, 
in these pages, to give formula or data which would 
be of use to those engaged in the design of polyphase 
g^enerators ; but an attempt will be made to g'ive a 
clear explanation of the elementary principles involved 
in the generation of two, or three-phase currents. 

In nearly all large alternators or polyphase 
generators, the system of field magnets revi^lves, 
while the armature is stationary. With this 
arrangement only two collecting rings are required, 
for conveyiiig the exciting current to the field 
coils ; the armature current being- delivered from 
stationary terminals. The insulation of these 
lenninals, together with that of Ihe armalure 
coils, is more easily carried out than If they 
formed part of the movable portion of the machine. 

For low pressures, such as loo volts, especially if 
the ovitptit is small, a design of machine with 
revolving armature will j^enerally be found to be 
chetip mid cHii-ient. 

A very mechanical form of generator is that Ivnown 
as the inductor type, in ivhjch all the windings are 
stationary, no collecting rings being required ; a 
portion of thp magnetic circuit revolves, and, as this 
is provided with polar projections, the necessary 
variation of the magnetic flux through the armature 



86 



POLYPHASE CUrtHErCTS. 



colls Es reAciily produced. The polar projections, iai 
ihiri type of machine, innst "be laminated to prevenl 
losses through eddy curreiits* 

Nearly all alteniating^-current g'enerators are of tht' 
multipolar type — that is to say, they are provided 
with more than one pair of poles. A few machiaes, 
when driven at high speeds by steam-turbines, may 
h^ve only Iwo poles, but these are the exception. 

It' j* is the number of poles, and R is the speed ill 
revolutions per minute, then 

Frequency = — x i 

60 2 



and in the cose of large machinea^, running at com- 
p;ir;itivefy low speeds, a fairly large number of poles 
will be found necessary to give the desired 
freq uancy . 

Whatever may be t}ie type of machine, or number 
of poleSf we may consider the armature conductors to 
be cut by the magnetic lines in the manner indicated 
in Fig. 28. Here we have a diagrammatic representa- 
tion of singflc- phase, two-phase, and three-phase 
windings- In each case, the system of alternate 
pole-piece^s Is supposed to move ax:ross the armature 
conductorti in the direction indicated by the arrow. 
It will be noted that the conductors of each phase 
are shown connected up to form a simple wave 
winding ; but this is only done to simplify the 
diagram, and it will be readily understood that each 
coil may contain a number of turns, attention being 
paid to the manner of its connection to the succeeding 
coilj in order that the E.M.F/s generated in the 
various coils ^hall not oppose each otlier. 

The upper diagram shows a single winding, in 
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which an alternating E.M,F. will be generated. In 

the middle diagram there are iwo distinct windings, 
A and B^ so arranged relatively lo each other and 






Fio, 2S. 



the pole-pieces that the complete cycle of E.M»F. 
v.irbtions induced in A will also be induced in B, 
hut after an interval of tinie represented by a quarter 
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of a period. The diagram shovis the positioris <if 
the poles al tlie iiistaiil wlieii the E.M,F. in A is 
at its maximum, while In H it is passing- lhrDug;h 
aero value. From Lhese ivtn windings we can, 
therefore, obt.iin two-phase turrcnts vvhh a phase 
difl'erence of 90 deg-. 

In the bottom diagram, the arrangement of ihrei' 
winding's is shown From which three-phase currents 
can be obtained, having a phase angle of lao dcg, 
or one-third of a period between them. Ft will be 
noticod that, at the instant indicated by the relative 
positions of coils and poles, the E.M.F, in A is at 
iti maximum, while in C avd C it is i>f a .smaJier 
value, and in the apposite direction. 

(30) E.M-F, Induced in Generator Windlngfl. — 
With the assistance of the top diagr4m of Fig, 28, 
il will be readily seen thai (he total number of 
mag-netic lines cut by an/ one armature conductor 
pt^r revolitlioK will be N' x p. where N stands for 
the total mag-netic flux pasjiing- into the armature 
from any one pole, and p is the numbt^r of poles. 

ir S be the totiil number of active conductors, 
counted round the circumfereni^e of the armature, 
and R stands for the speed in revolutions per minuie, 
the mean H.M,F. in volts g;enera[:ed in any one 
winding if all the ronductors are connected in serie";, 
will be 

E;,, ^NAxSx- X ^- , , * 

60 I oo,ooo.i:]00 

We are not generally concerned with ihe 7nenti 
value of an alternating' quaniity ; but il is not always 
possible lo estimate very accurately the shape of the 

•Sw nrl. 15, Chap, II, 
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induced K, M.F. wa^'^, whit^h will determine the 
relaiioEi of ihe ^y mea.ii square value uf Lliis E.M.F. 
Tc its mean value. This will depend upon th^ 
disposition of the vvinditigs, the shape and spacing 
of the poles, etc. In order to ubcain the actual 
voEts -it terminals on open circuit, we .shall have to 
include A inLiUiplier, *, which wilt depi^iid upoTi ihe 
for/n of the wa\'e- This muftiplier, which is the 
ratio of the vmcon square value to the mean value 
of the induced E.M.F., Is stimeliines called \\\e /ori/t 
/tif^f/n The grencral expression for the open-circuit 
terminal pressure therefore becomes : 

li - A N/S !^- « lo-^ 

If the E.M.F. wave is a sine curve, ^ = I'l. 

If the wave were rectangular in shape (which 
would not be possible in practice), the multiplier k 
would be unity. 

Other calculated values of -* are : i 

For InjiHKuIar shape k = I'lti | 

For >,emi-clrcl<2 ----- j6 ^ r ■o6'3, 

{31) ComLectioiiB of Folyphaae Arniature 
WindinsB. -Consider the nrmature winding of an 
ordinary continuous-current two-pole dynamo. If w^ 
imag^inc the commutator of such a machine to he 
entirely removed, the winding- — whether the armature 
he of the drum or ring type — -will be continuous, 
and closed upon itself, If the armature be revolved 
between the poles of separately eMcited field 
magnets, ihere will be no circulating^ current \n the 
windings, because the mag-nctism which passes out 
of the ;irmatiire core induces an E. M, K, in the 
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conductors exactly opposite and equal in amouuc to 
that mdiiced by the linttriiig- magfiietism. 

If »e non- connect lo a couple of stip rings two 
points of (he winding- from tho opposite ends of a 
diameter* the machine will be Ciipable of dclivetiag; 
an alternating- current. [f we provide three slip 
rings, and connect Ihem re^ipectively to three points 
on the armature winding- distant from each other by 
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120 deg^-i the machine will become a three-ph^ 
g-enerator. 

In this manner, polyphase currents of any number 
of phases can be obtained, and if the windings, 
polar spaces, etc, are symmetrical, there will be no 
circulating current. 

This method of connecting' up the various a.rrna- 
ture coiis of a polyphase g-encrator is known as the 
Ttipsfi connection. In the I'ase of Ihrce-pha'^c currents 
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i* ii also sQinetimes referred lo as the dvUit. 

Thc diagram, Fig". 29, shows the three cquidistHnt 
lappings from armature wrndtng- to slip ring's 
required lo produte three-phase currents, IL is 
evident that the potentia! dilTerence between any 
two of the three rings will be the Sftme» since each 
seclfon of the ninding^ ha^ the same number of 
turns, and occupies the same space on the periphery 
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of the armature ccire. Mcreuver, the variations In 
the induced E,M.F- wiJl occur successively in the 
three sections at iiUervals corresponding lo one-thirU 
jf a complete period. 
Incandescent lamps may be connected across one 
all three phases as shown in Fig. 30. This [amp 
load is practically non-inductive; and wc may, 
therefore, consider the current to be in phase with 
le potential difference across the laaip_ terminals, 
jLet the vectors O C,, O C5, and O C^, in Fig-. 3U 
iresei^t the losds on the three sections of the 
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Ihrcc-phaM j^:ciicraior. They are drawn al an a»^> 
ttf t%it dcf^' to each other, because — beiDg* in pha-t 
with their reHpective H.M,F/s — they must necesaanly 
tlifler in phase by a third of a period. 




no- jr 

R<^l«rTu^ to Fitr> J!*'^ ""f* ^*« '*«' **^ res:i!ta^^ 
oiirrcnts^ at the thrve terminals cJ the gcnrffx:<x* 
>^hi^ Aow into or rMuro tViLMn ibe c^nennl ar^-^ 

Al rt>e lenwwJ A ^i"-Ci 

B C^-C» 

*« ** ^ --- — -■ — ■ — '-- — -"■* ^a"' ^- 
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pll is, Iherefore, an easy matter to draw Ihe vectors 
•O A, O B, and O C in Fig", 31 : Ihese represent, by 
their IciiglEi and phase relations, the currents in the 
three conductors leading lt> the Lamp load. 

It wtIT be found Lhat any one of these Ihree 
ectors always balances the other two ; that is to 
say, any one vector, such as B, will be found ro be 
i^xactly equal but opposite in direction to the 
resultant of A and C. That this is necessarily the 
case is evident when it is realised that, ai every 
instant, the total of all currents leaving the armature 
musi be equal to the total of all currents returning 
to the artnature, whith is merely another way of 
saying; that the sum of the three currents. A, B, 
and C, must be aeroT 

If the load is balanced, which will be the case i* 
there is nn equal number of lamps on each of the 
three sections, or if the load consitsts, nor of lamps, 
but of induction motors, tlien the three currents, C^, 
Cj, and C^ will be equal, and the currents leavingf 
the terminals will also be etiual, but greater than 
the armature currents : it can easily be shown 
that — for this condition of & balanced load — any one 
of the line currents is equal to the current, C^, in 
any one of the armature sections, multiplied by 
2 cos 3odeg., or by V3. Thus 

A = C\ V 3 



^'iitrirt! iff Virculat\n^ Current itt Practice, — 
lUhough there is, theoretically, no circulating current 
10 the mesh - connected armature windin^.s of a 
»lyphase g-enerator* the conditions of practice are 
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such that perfect balance is rarely, if ever, altaineiJ 
and currents will, tliereforcT circulate in the windings 

in addition to thosi^ dijliv^red to the mains. ^uch 
curretili Ju no! nct:essarjly involve any appreci^bli? 
loss of efficiency, but they must evidently increase, 
to a certain extent, the C- R losses in the armature 
conduct urb. 

The circulatin^ij current with the field magnets fully 
esfcited, hnl with op^n external circuit, would be -.i 
small percentage of the normal lull-load current in 
a well - designed machine; at the same time, if 
there '\s want nf symmetry in the arrangement (if 
Brmaturc coils, or in the spacing and shapes of tlit 
pole-pieci?s, this circul^iing current migfht amount in 
practice to as much as 25 per cent, of the full-load 
curreut. A little consideration will make it clear 
ihat the function of Ihiv internal armature current is 
to irainlaii] the poteulial dilTerenceia at the ihree 
terminals such that their sum is, at every instant, 
equal to zero. A study of such currents with the 
aid of the oscillograph mig:ht prove instructive ; buL 
it is clear that their direction ilX i^very injilant wiM be 
such as to react upon the pole-pieces, ;^iid no produce 
the necessarj' correction in the distribution of the 
magueiic lines entering the armature. One interesting 
conclusion to be drawn from thtse considerations is 
that the amount of the circulating current will 
depend iipon the ^treng-th of the field, or on the 
magnetic induction. In other words, if an ammeter 
were inserted in series with the closed armature 
windings, it would be found to indicaie an 
approximately steady reading notwithstanding large 
variations in the speed of the machine, pr^nnded 
the exciiathm of the field mnjftietx n'midned conslt^nt^ 
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ihe speed were kept constant, the amoum of 
rciilating current would be approximately pro- 
^vrUaiml to the volts at terminals. 
, Sfat^ Connvciton of Thret^-Pluts^ Arnmfute IVindings^-^ 

^^b practice this method .sometimes has advanta^'e? 
^^Brer the mesh or deJta cotiQection. Tt consists 
^^KeEcly Ui joining Logether tlie sLarLliig eud^ oF the 
^^Wiree armature winding:; in one common juDCtior, or 
> j ii'iitnit poinf, And tstkiiig the linishing ends to ibe 
^Bbree termiual^^ It is not nek:e^5^ry to run a common 
^^eturn connection back frxim the Eoad to this neutral 
point, becauvie such a ciinnecticn would not carry any 
current; each arm of the star connection form^ the 
j^eluni path for the currents flouHng in the olher 
ro arms. 

This method ff connecting up the coiTs will bi; 

fain referred to when de:LUng with the question of 

r^nsiuih.sioii of piiwer hy three-phase currents; hut 

we refer biLck to i*ig, 31 and imagine the vectors 

O C„ O C~ and O Cj to stand, not for the currptt/s 

in a mesh -connected armature, but for the E-M-F/s 

in the "three sections of the star connection, then 

le vectors O A, O B, and O C will represent !he 

Jtential differences between the three tt^rminrtls of 

le generator. 

A simpler conslrucUon is shown in ^"ig- 3^, Here 

■j, l:^, and oe^ represent Ihe E.M.F/s in the ihree 

ictions of the slai-connei^ted armature, and the 

les of lite triangle obtiiined by joining the ends of 

lesc thre< vectors, i:orrcctly represent — both hy 

their lengths and their directions — the amounts and 

phase relations of the pressures as measured between 

terminals. 

If, as IS usually the case, the three armature 
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sections ha\e the same number of lanib- Ihe Iciangrle 
of sectors representing- Ihc toTmiiifil pressures will 
be equilateral and — n*i explained in connecticin with 
the resultant cumvU of a r/^jy^ -connected armature — 
the ff/^ measured across the terminals of a ^iar- 
connected msichine, wrll be ^/^ limes greater than the 
volts measured across any one of the three (equal) 
Armature sections. 




Kjtrept for the possible advant^igc of being able to 
earth the neutral point of the star- connected winding-, 
it is of Utile consequence to the user whether his 
machines are star or mesh connected ; he is merely 
concerned with the ^W/y aJ fcrtmnah^ and not with 
the combination of windings which produces Ihis 
vo[t;ige. 

Two-Phase Ai^mUnre Connections. — it ia sometimes 
adWsable to keep the two circuits of a two -phase 
supply entirely separate, in which case the g:eneralor 



trOSSECriON'i^ OF F0I.VPH-\&E ARM,\TURE WIS"1>1N0S. C|7 

would be prcavided with four rermiiial^i anti tb*r* 
would he four conductors tonnetling the macbiiie Ui 
Ihe load; eacb of the two circuits can be treated a* 
n. single-phjise aliemating--current suppK", and loaded 
iudcpendcnCiy of the other ; at the sume time, If chc 
two circuits are brought to au inductioa motor with 
stalur cofls ccirrectly spaced, a revolving field will 
be produced, 

Except when transmitting^ the current to long 
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distances (in which case certain compli-^tions arise)* 
:l sn\ in^ of copper may be eflfected by having" one 
i^oniinon return conductor v^'hich will carry a total 
current equai to the sum of the two ouigfofnj,' 
currents. 

If the amounts of the two outgroing; currents ari^ 
respectively A and B^ the return current will not be 
A + B, because the two component currents are nol 
in phase j it will be equal to VA^ -l- B^ for a phase 
difference of 90 deg.^ as will be evident from n 
ghncc at Fig. 33, 
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Thus, if — as u'OLild be ihe case on s load ccii- 
sisling of inilutiLion molors^the currents are cquai 
in tbo two phases^ the return current, in the 
fcimmon conductor, wril only he V 2 times us great 
as the current in any oae phase. 

The equivalent to the delta or mesh eoiinecticn of 
ihe threi?-phnse g-e iterator, wtxiM be ohiairied by 
laking: Four lJipping^ off the closed armaturt 
uinding;, instead of three as in Fig. ag. A generator 
with windings connected in this manner may, 
iherefore, be considered indifTercntly as a two-phaso 
4^r a four-phase machine. 

(j2) RegalatiDii of Syncliroiious Ganerators-— 
The polyphase generators we h-ivc been considcnng 
belong to the class known as synchronous machines, 
to distinguish them from the asynchronous gene- 
rators, introduced compnrativciy recently, and which 
are prsctically polyphase induction motors reversed— 
i\i:, of which the rotor ih mechanically driven- This 
latter type of machine will be briefly referred to 
after the induction motor has been more fully dealt 
with 

Since the synchronous polyphase generator is very 
^^imilar to its prototype, the sing-le-phase alternator 
the scope of thlji book will only permit of the 
following points bein^*- treated somewhat superficiaUy. 
At the same time, Iho manner in which Ihe regula- 
tion of an alternator depends upon the nature of the 
external load is sufficiently important to claim our 
attention. 

In a continuons'Currcnt dynamo, the drop in pressure, 
at constant speed, between no load and full load. Is 
due not only to the resistance of the armature wind" 
in^s, but also, and more especially, to the armature 
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reaction — i,c., lo ihc distorting- and demagnetising 
effects of the amaliire current. 

The same thin^ occurs la aa alternator, and, if 
the load is non-induclive — that is ti> say, if the 
furrent is in phasi? uJih ihe potential diitereirte at 
greneratoF terminals— the machine will behave in a 
very simtlar way to a dynamo m respect to the 
question of voltaj^e drop. 

In Fig. 14, the alternate poles are supposed to be 
travelling' at the hyck of the armature coils, from 




DirecTian of Travel oT Poles 
Fig. J4. 



rig-ht to left. The ri^ctan^Ies A_, B, and C represent 
three different instantaneous positions; of an armatiirtr 
coil relaliveiv lo Ihe poles. Iji position A the 
induced E.M.F, is at it^ maximum, nnd tends to 
send a current in the direction of the small arrows, 
In position B the E.M.F. is icro {since there Is nn 
chang'e in the number of mjignetic lines passiug 
through the coil), while in position C the K,M.F. is 
again at its maximum, but in the opposite direction 
lo what it was in position A- 

If the load is iion-inilLiciive. the: current will be in 
mac with the L.M.F , Jind, although it will lend 
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Lo disforl ihe magnetic field, it will have no direct 
effect m eidier itrengtheiniig or we;ikeniii^ llie 
inducing- field as n whole. Now imaf^me the load 
1(1 he inductive ; ihe cnrrent will lag behind ihe 
K.M,F,. and will, therefore, reach its maximum 
value wlien the pole-pieces have travelled beyond 
the position indicated at A, The result will be that 
the current in thu armature coils will have a 
demagnetising' effect on the field mag-nets. We have 
tinly to imaghie the wt>rsi- possible condition, of the 
i:urrcnt lagg-ing^ ^o dc§f., to sec that the poles will 
Ou^cLipy the poMtii^n B relatively to the armature 
i:oil 'iv^trn the currciU tti tht' intfer h at iis lun^imumy 
and the effect of such a current will evidently Im 
to weaken the pole which is opposite the cofl, thus 
diminishing the tot-il llux and causint^ a drop of 
pressure at the terminals, 

ir the curreuT is in ad'imMce of the F-I.M.F. — whii:h 
might occur en a circuit of large capacity — the 
eifects would be exactly opposite to those obtained 
with a lagging current : the poles would be 
sttcngth^ncd, and this strengthening effect might 
even be sufficient to counteract the weakening' due to 
distorlion,* and the drop due to ;*rmatiire resistance; 
the result being that the peculiar oaiure of the load 
might alone be sullicient to maintain con*itant volts 
at the tt^rminaLs of the machine, 

(33) Compounding SynehronOTis Generators.— 
The foregoing remarks will make it clear that, in 
order to successfulh compound an alternating-cur reel 
generator, the increased field excitation must nDl| 



■ Which, by dr[iv.riiiiE the nip^eiit: linei lo ohp stdtf of ihe polC' 
liJE^ceii, in.iaiscs ihc iiiayntLic reaslinici'. ajiti diiuiiiiflliei Ihe L^>ial flm 
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merely JepenJ \ipou ihe nmcnml of Uie aimaturt 
ampere lumst but also upon the nature of thf 
load — i.e., on the pow*r fat^tor—^arid whether the 
armature current }s leatlir^ lh" lag^ging. Iii praciici- 
the necessily will not ari^e of dealing with tht 
<|Ueslion of heavy leading cnrrents, although snch 
i:urreiits will frequently occur, at /i£'/ii loads, on a 
circuit having' large capacity, such as would be 
obtained with an extensive system of underground 
cables. The requirements of a perfect alternator, to 
^\\-e constant volts under all conditions of load. 
when driven at constant speed may he summed up 
as follows : 

1. The terminal pres*;ure should remain constant 
not withatandlag^ allerallons in amoiuit of the arma- 
tiire current or in the power faelor [within practical 
limits). 

z. The compensating windings or devices should be 
such as to be iostanlaneous in Iheir openitit>o, so 
that the generator may respond promptly lo thi" 
altered conditions of load. 

3. The compensating or compounding devices must 
i\ol inLerfere wilh the auccessful rimning oF ihr 
macbines In parallel. 

This last condition may be disposed of at once by 
staiing^ that, in the case of compounded alternators, 
it mav be just as neeessary to provide an equalising 
bar and equalising circuits between The machines as 
when running direct-current compound-wound dynamos 
in parallel . 

With regard lo Ihe condition 2, it is evident that 
this removes from the field of useful competition all 
automatic devices, ihe principle of which depends 
upon the variation of the field current by the culling 
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in cir out af resistances. It should be poiiuod out. 
in this cotine^tloa* that^ even if the current round 
thi fii-ld niM^iiotK were to alter instantly with the 
change of lojid^ ri mig-ht yet be n matter of severa.1 
^cci'^nds biiforc Ihc terminal pressure could regain its 
cotrect value owing- to the larg-e self-indwctiou tif 
Ihe ftulU circuit,* 

Probably the trut^t sin:cesstul compound jj^eneratcr 
on the market is the Eelf-eyciting synchronous 
iiii^diine devised by Mr. Alexander HeyFand, who*ie 
work in connection ^^'ilh induction motors and 
as,ynchronou!i g^enerators is well known. It is not 
proposed to desirribe hrs metlioJ in these pages, as 
this cannot be done in a. few words; but it may be 
slated that, nuit only the amomit of the armature 
current* but al^o the pojoer factor is taken into 
account, and ai^tual tests have shown thai, even on 
'/&ro power factor, the pressure at terminals will 
remain almost constant for any current up to the 
full-load current taken from the machine.t 

Another method, due to Mr. Miles Walker, which 
fiowever^ is not applicable to a machine on a 
load of low power factor, consists in utjlisiii^ 
the armature reaclion la sfreitg^fften instead of 
weaken the field. The principle is very simple, and, 
if the action illustrated by Fig-. 34 has been 
properly underslood, the diagram Fig, 35 shoitid 
serve to explain Mr. Walkers method. 

It will be noticed that the field coils do noi 

"See ml. la, Cbap. 11. , |j. 39, 

\ The r^iwltr islin rares ir. gn fdriher inM niii^ mailer is njfertft! ItJ 
Mc- Mlioriiirs artfrlPi in ihe Ekt/Htian of Julys ^"^ 'fJ' itJoj. ond 
JitU- 15. rQC4; also m ihif eit-t:lleni pajHi on cmiipcnwted alieniaic- 
iTinttil gtTieialora icid bv Mr. Milrs Walki-r Ijcftiic Tirr ^1a.Dcltcal.ci 
iiculiisi i^f ihc rmtiiiilion "f Eleciricat Engineers, Nin'. 29, i90i(. - 
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entirely encircle the polar projections, but are wound 
Lipi>ii the shaded pari only, leaving a certain portion 
williout any winding' upon it. If we suppose thtr 
heavy rectang'k to represent the nrmaturc coll at 
the momi^nt when the current is at Us maximum.*" 
Ll will be seen that the armature current tends tt> 




Direction of Travel of Poles 



OTtv/^LV/ the N pole and streiigi^ifn tlie S pole. Bui 
the portion of the K pole within the coil is nearlj- 
salurateil by the ma^neiism due to the field ccits, 

" This n:cirLik^lu jJujuUI be cc^isidtitil as indicaiinj; by il'- pcsitju: 
\.\i'i itinilant clFi^ct oflbc ariiLiilurc aiupcn: LuriL^. [I Iiil.^ bL-cii ilraMi. 
to imlicatL: a pDwcr factor below unity : if iht lofl'l were »Lip(v(>i<:H non^ 
InHuctivc; \he rccUuigb sliciuld bu (tiuuii %^'Itli ils ^i^t:^ EEituiigh ihv 
tvcitit's of i\\f polf^E, 11 ifi t\tA «3s)' to btiiie c'lenrly wlmi is fQ U- 
*Mi»inlL-rL"d 05 the re^nllHtit nmpere mms nj" a tbrHr-phaw ^cncinTm . 
\a\\ i\jt itic puipcap of dealing MiUk iniia.iuie reaCLiuEi^ ll is ni-wssnij 1' 
\,V\t'n tvlul thcs: aiiiouTiL l4. It liiLt Wt-'n ddiftiiimt:i] L-:^|ittiiiu:riUi]]) 
ihil if 5 alandi foir ihc nunibc^i uf conctuclai^ pci f^olc acid pci 
|>bAK.', aaJ if C Is ill? ^ nico]] square ^alac uf Ihc cvincnl in any oni: 
jiliibf, tliCO the arniBturc nrnpert Ikjrna niny Ti- Liikcn it^ 
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whereas the portion of the S pole under tht 
urmature coU \& unsattirared (being;^! in fact, coi 
in^j^nelised by the field coils). The result is Ihnt 
the Jimaturc current will only slightly diminish tht 
resultant number cif line*i i*i»;uing- from the shadetfc 
portion of the N pclc. but will induce a. stronji 
held ill the unsaturated portion of the S pole, and 
so maintain, or even increase, the total flux through 
the armature coil. 

This method is ingenious, but it is evident ihsU 
the magnetising effect cf the armaiure will Uimifid/i 
AS the power factor decreases, and this is crcactl^ 
the contrary of what is required. At the same time 
iuth machines work well ou loads of fairly high and 
steady power fnctor^. 

(34) Parallel RuimiiLS of AltematorH — It ih 
well known that alternators will run in parallel, but 
not iQ series. An attempt will be made to briefly 
state the reasons which iicioiml ff»r Ihe successful 
parallel running of machines of the type we have 
been considering; but it is not intended to inveGti- 
gate in detail the actions that take place under 
various conditiont, of driving or of load. 

In the first place, it must be recognised that the 
synchronous alternator is d reversible machine — thai 
is to say, it will run as a motor when supplied with 
power from an alternating source. The reasons 
which account for the contlnuoui-cunent dynamo 
being a reversible machine should be well known to 
every reader of these pages, and it should, therefore. 
be merely necessary to point out that when an 
alternator is used as a motor, exactly the same 
forces come into play between armature conductor* 
and field, pnJX'rdcd i/ie urmfihtre is sitppHcd i^llh 
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W«/ ui thti correct frequent' w and timt tfw 
Fx-itdi^uig piirtmt uf thf muchim' fms been ni}i up tu 
the corrtxt spi'ai. ArwTCfi in t/w s/nri/ <*/ syifc/irifuis/ir. 

Imagine an alternator rtsnninyf as it generator on 
load at a defitiile speedy or fret^uency. The rorqiic 
CTcerted by the prime mover \s — as in the csise of ii 
dynamo — ^ re qui ret? lo fort-e the L'onduciors carrying 
tiirrciil across llie magnetic lidtl.* IT. now, Wc 
suppose the prime movor to be discomiectcd^ ard, 
before the generator hns hsid time to slow down, we 
connect the ftrnialuie terminals to an altcinatm^- 
current supply, thi- mi:iL.*hiiii: will coiitimie to run as 
a motor* provided tht* frei-inency i.^[ ih^ supply is 
correct — i\t\, such as to correspond with the .speed 
and the number v>F pole>^. 

The current will ilow in the armaiiire coils in ihe 
reverse direct lOii* iot corre^pondini^'" positions <>f 
^irmaiure coils and poles; the reiuit being a number 
of impulses tending to keep the machine itr sk'p. If 
load 1!^ Ihtown oti the machine, thcrt will be n 
mi>mentnry retariiatinn, caii'iing a slight displ&cement 
of phase between the back E.M.F. of the armature 
Mild the applied potential difference : these forces 
will not be exactly opposed to each other, find the 
result w^[ll be an hicreasc of current which vill be 
suflieient ti\ keep ih<" machines in siep. If thc 
machiiie breaks oiii of step, which miy^hi iicciir. for 
in^titJice, oi] a sudden and eonsiderable overload, 
then, ^ince its speed i^ no lonii'er that of ^ynchroni*;m. 
ihc rc^rulai succession of impulses Ls replaced by :[ 

• It. K uiir iliai ilif (urcc* i-^cned in ilit i'vim: of ^i ■vinulr-plnv 
nlUtnnrrir nrc AnLcrFiiiiivni, \ii:m^ of ihe lauirr i^r il v^rii"< nf nii|nL]wy. 
.1U(I Mill f'Titiuuim-* JLS Ui A "Ivniii"'*, "i ~(m a i^a-iiT iah.'"( m ii 
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number of irreg^iihir impulses m both directions, 
the machine v^-ill quickly come to I'est. 

Altlnnigh Ihe syudironiiu^ altemalin^-current motor 
33 nn escellcnt maL-hine for certain inirposcs, k has 
rhe ditiadvjiutJtg'e of noi l>ein^ self-staning-. When, 
rtniniiij^, it has i^nt Ji^rnile speed, depending^ upo 
rho (Vequeiicy of the supply circuit. 

With reg-ard to The parallel running of synchronous 
y-eneratots, as far as general principles me concerncJ, 
there iFs httle lo iidd to the foreg-oiiig- remarlts. If 
iwo or mtire machines are electritrally coupled to 
common *bus bars, and if any one of Ihem — owiDg 
lo a niomaiitary slowing of its prime mover, or from 
any t^iher cituse — ^a^'s, unly for an insranl, behind 
ihc others, there will be an immediate rush of 
cunvnt from the 'bus bary, which will be sufficient 
lo pult it into step- Succ^s^ful parallel running 
depends less npon the design of Ihe alternators than 
of ihe eiigini'-i: an even turning- moment U essential, 
Lar^'^e and small unit^ can be run in parallel with 
the ^realesl euse ; and, althoug-li it is desirable that 
all the machine'^ HhonkI ^ive approximaiely the srunft 
shape of E. M. F, wave, this is uot essciitiaf The 
portion of the total load taken up by each of secenil 
g-eneralors in parallel will depend simply upon ihe 
amount of power developed by the respective prim* 
movers- There i^ also a correct value of the eKcitii^t"" 
current fur eiich ol the several uiilts corresponding 
to a ijiven load; otherwise the necessary magnetic 
fiux will have to be produced by internal circulating 
armature currents proviLled by ihe other machines. 
It [s true that, befort? twiLching an additional 
machine on to the "bus bar^, it has Eo be run tip to 
the speed of synchronism ; but, once switched in, it 
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is nii^fnetically lacked with the oth^r machines, aiiJ 
lo those who have hail no expcrieiici^ uf iLlteni^lors 
riiuam^ In parallel, it is suqi^rismg; ti^ note l^ow 
firmly each unit appears to be gripped hy the other 
machii^e:^ mid heliJ in step. 

The reasons whidi ms-kc it impossible to run 
synch rono 11 *i alternators when coupled in series do 
not require a detailed e>£pljinalion : tho cunent being- 
necessarily the same through all the armature 
windings, no iiittrchan^e of syndiroiiistng currents 
can take place between the various machines, itiid 
the latter are, there Fore » not mag'netically locked 
Ic^ethei" as would be Iht Lasi; if they were coupled 
in p^iralleL 

(35) Output of Polyphase Generators. — A 
^ener-ilor wound lo g^e Iwo or Jtiore currents 
differing in phase, will have a larger output than if 
ii is xvound ki gfive only !4ingle-pha5e t'urrent-i. li 
is not proposed to study and compare the various 
methods of winding armature.^^ in order to show 
that the polyphase jTi^neraior has n. gre^iter output 
than the siiif^le-pha-se machine^ but it is found in 
practice that, for the same typt? ;md diniensiojis, a 
machine provided wilh windings for iwo-phasi: 
currents will have an output about ,^0 per cent> 
greater than if wound for single-phase currents. 

If single-phase currents are required, they niin 
atways he obtained from polyphase machines. Thus^ 
;* two-phase ^eneralor \^'Lnild work as n single- 
phase machine with its two wi^din^^ coupled in 
series, ihe terminal pressure being vi times the 
pressure per phase, for the bamc speed ajid exLiia- 
tion. The output- however, would not be so frreat, 
tuse, allhon^h the curreni. for the same healing 
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e^ectSf would be the same as before, the terminuL 
pressure is not doubled by counecting^ in series the 
two (out of phase) windings. 

The power of the two-phase machine — 2 (E « C|, 
where K and C stand respectively for the pressure 
■ind current per phase — the load being assumed non-* 




inductive. The power of the same machine used as 
a sing-le-phase alternator wiM only be \/ 2 K x C 
for the same losses in the armature colls, or about 
30 per' cent. less. 

In the case of a three-phase j^ienerator, we may 
connect all three windings in series in the manner 
indicated hy the I'ector Uiagram Fig. ^6 ; and, if the 



li^-M.F^ in cuch sectRni is equiil lo li volli^ IIil? 
rtfHuIlrinl K.MpF, will he i K, TIk' imlpiil, U>r .x 
ijurrcnt C in thi: urmaturi; condui'tors, will be 
? r V C instead of ^ {K k C), which U'Luild be rhi.' 
output for tlitf same hccit dissipation in rirmiiturc 
Ljtjils if th^ mai:^hi]>e were conneLted up for three- 
plia^e working. 

A slightly ^rcaicr output us a single - pbusc 
miitiliirtf "Hll be obHined by utili*iing only two of 
ilie Ibretr .'Sections. Tbe resultant li.lM.F. will uitly be 
Vj E, as sbou'ii by tbe dL^ttctl vector in Fl^. %h; 
but for equal C^ R los<ie^ in iirmiiiurL' ^vinUin-,'^ ih-* 
ctifreiil mm im^w bt 
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1^6) Double- Current GeneratDrs — fL is M^me- 
(lines 4:oiu"eiiienl And economical lo use ii -iin^le 
machine to g'litieratij both tontinnous and altematniy 
cnrreriLs. iht letter beiLi^ i-itiier singlc-pha^e or 
polyphase, a^ the ease iTi«y require. 

Such machines are practicjillr identical with rotary 
converters, lo which rcfcreuce will be made in a later 
chapter, the only difference being- that sLiiLtbli; means 
k*r inechanici'dly driving' the machine must be provided. 

The doubb-current machine has the objection that 
Jt \^ Jilfiadt, if not impossible, to design it so as to 
be both a perfect ilynamo and a perfect nlierniitor. 
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Also, llie speeil, nr imiiibtr of poles, or both, i 
Ix; ^ri^rtt unless the required tVeqitiincy i-i low; and 
the alterniitin^-i:urri?nt prey^iire must jilways bear 
rf Jelinilc relation lo tlie Jiretl-currenl pressure. If 
it is desired ia regulate the alteriiatuig' und continuous 
izurrcni circnits independently, it is necessarj' to insert 
suilabTe retru'^iting tlevLi:e5 in the i^oiiiiectioiis after 
Ihese have left the lerniii^sils of the TTiachine, 

The fhief difTtTenct. i^lcoirically, between the rotary 
cismerter and the doublo-eurrent f^cnerator is that, in 
the former, there is priictica.lly no :irnialure reaction 
^iroducin^ iield distortion nherecis, in the latter, both 
■LTLirrcnls act together to produce field dijstortion ; 
:ind Er is partly for ihi»4 reason that separate tiefd 
excitation \s fretiLiently advisable. 

The L^ R li>ises in the armature windiiij^-; caw 
he L*!ilcQlaied for iiny gi^'en relation between tlic 
■dmounts of the alternating^ and continuous curreata 
taken from the machine. If C* i*; the maximum 
\aUie of an allertiiiLin^ current which varies in a 
simple periodic manner, the s^meaii square value tjf 

v'. 

directional ciiirtnt, its v'meaii square value is ibt 
same as its maximum value — !,*., C,^ ; but if a >\ire 
carries an alternating current superimposed on a 
continuous current, the \/mean square value—which 
determines the heating losses- will depend upon the 
relaf ive ainiiunts of the two currents. 

It can be shown that the C- R losses in the 
armature of a double-current g^enerator depend, ni>t 
only upon the amouni of the alternating or poly- 
phase current relatively to the lotal (apparent) 
ortpiit of the machine, but also upon the /tJur.'ii' of 
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If C^ is a constant and um- 
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ih\s ciirrcjil — /.f'., upcn the pir.ycr furttir of ihe 
*t[tertiiitmg or polyphase loEid. 

Take as an exainple a double-current machine 
^viiig Ihree-phase currents from three >lip riiij^s, 
;tiid eon I in II tuts ciirrenrr^ :it the k:omniutBtor. \i rfie 
dlrect-t:urre[it roliag-e Tfi taken ;is loo, the fllier- 
nating ■ current prcaaure between phases will be 
6i '2y vi>lts,* 

Let us svippose the totJil current ontpiil tL> be 
loo simpercs, and the armature resistance oj chnis ; 
then, if the maehine !-^ loaded to its fuH output on 
the direct-current side cnlj-, the armwlure C^ R hissps 
will be {looj- V. oi = loo watts, 

Nmv 'suppose we take the full output, of ten 
appnreiu kiknviitts, from the three-phase slip riu^s. 
The ampere.s in each of the Ihrco iu'matnre ^ccEiodr 
nill htr 

10,000 

and Ihe resistiince of ^aeh section will be "Oi n ^, 

3 
which givcd us for the total amiiiture los?>e5 in the 
Ihree section!^ 

3 X (54'5)^ X -oi >! :^= 1 1875 watts, 

which \^ g^reater Ihaji Ihe he;ilini; loss when the 
nhole of the output is \yw the direct-current side. 

We nre evideiillv not — in the iiboce example — 
conotnied with the pt/n-t'f fucior of the tliree-phasr 
loadt sitik^e it Is the amount of the cttrretU oulv 
which deiermiiiesi the heating of the armnnire 
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<:onJuctors ; but when ihe Icdd is taken from the 
w^omcnutaior ai the saine lime as from the slip 
rin|i^^. the power ia^ti>r has to be taken into account 
in Jetermining the total armature tosses-* 

It wilt be found thai, for the same total apparent 
output, and a ^ven relation between alternating^ and 
direj^r current output, the armature losses will always 
be ijreatest when the power factor \% unity (cosC=i), 
itnd thoy will dimini^fh with lower power factors^ 

In this connection the following figures may prove 
interesting : they are calculated for a three-phase 
double-current maohine. on the assumption of the 
simple periodic wave form. 

The total apptirvut output is assumed constant, the 
particulars of the machine being* as assumed above; 
but instead of the whole load being either three- 
phase or continuous, we shall suppose the apparent 
output on the three-phase side to be equal to the 
direct-current output ; the watts lost in armature 
conductors will then be approximately ; 

95 for cos $ = I 

87-5 for cos B * ■(> 

and only 25 for cos = o^ 

{•or other ratios of the three-phase to the direct- 
current load the figures would be different. 



■ Six ill*; Hriltr'.-P aUii^lc, cspUining lln-> \>Am hy iiiLans uf dio^r.iii^ 
in Ilk' likctrua! U'/n/,/ o\' Ncw V'uk, Aug. II. 1905, p. 265, 
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CHAPTI^R iV- 

Measlkemext anij Calc'llation' oy Fowem i>\ 
Polyphase Cikil'its. 

{37) As a clear and<rstft.ndiiig of this portion o\~ 
ir i-ubject IS important, a short chupter will be 

devoted to the iJoiistiUeiaiion of power measure men I 
on t^vo iiiid three pha:)^ circuits. 

Tl is not proposed Ttv desi^ri^*.' in ilelail llie 
priin:iples of con.slniclioii of the various Opes of 
w^ittmeter.s used for mej*sunng poui^r oi\ ivltorniitirg;- 
t'urreiii iiri:uits. The sin^te-phase Avaitmerer may he 
considered iis iL modified form of Siemens dynamo- 
meter, with fiJced thiclc-wire coil and mova-ble fine- 
wire coil. The fixed coil is traversed by the niaiii 
current, whik' the movable coil is connected in series 
with a. larji^e non-inductive resistiiiice acro*:*^ the 
lermiiiaLs, aitd lakes a current proportional to (he 
potentjat diH'crcnce. The object of the non-indui:tive 
resistance is to redui:e the "time constant"* of the 



* il wiK.'* explained in iicln'L' u tiuw iht.' fh-ir I^.-^aive'] T^kt fhe etjiwIU 
ijr decrease nf fhe j'lirrL'ni depeml'; iipnn ihi^self-imhirJinn f( llu' rircnii t 
liin Ihe cficcl* or M;lf-inilucliull ^^ill [ItpeJVl \ki\ inmli <jii llir i,-jisfii/ite 
iif iht rin:iiLt. If ilic fc^iiajii'c i'. ipiily lii^li i:^riinit.'liH i^ic laL'k M.M.K 
of i^cir-iiulucti'^ik nill trccrrmc a iicg1if:^hlL~ <|LiAn[ii 1 in i.< imj.'bi.risoik hilS 
IIil; E,?^T.K. rein)ir&l I** ipvt'rcimv ibi: rL-iiisloncc. nnti iIil' ffmr-touil'^ttf 
III P ciTi-'iiil mn\ In; i^c^ini'J 11- llie ra.Lii of its tvy-'Hiiriuiil nl ';e|f-in!liit?li"H 
Tit i[i4 re'^ivliiniJ^H cr 

^/'///i' ti'iijfttiii — -". 

It Toltuw^ lliaLi iu fi titculi nf which Lhc Limi i-^iLi^umi is -^mii]]. the 

rJl»;i:L-* I'l' >i,-|F-i[i>lui:tiiin iniiy K- ntyligiljli: ^\hali:vtr niii^ l-c the udvutl 
VhUii; of thi; FmM.I'. iivliu'cd ly lhc [MissnL;e "funk cMiTciit, 
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hhuLii tircuk lo ii negligible amiiual, iii order Ihut 
ihc Lurrenl in this circuit may always be hi pha>e 
■with the potentiiil difTerenct^ noross iVn^ terminals. 

If C is the current in Ihe fixed coil, and A the 
current in the movable coil, the readiQ§f of llie watt' 
meter will be proportional to A C cos &, where & is 
the phase aiigfle between the two currents ; and, 
siii:e A is ?ilrictty proportional lo the terminal 



W, 




polentiiil difference, the tu.strument will iridieati^ thi 
true power of a shiyle- phase alternatmgf - current 
circuit, 

(38) Power of Two-FUaae Olrciiit, If the two 
circuits are separate — /./.. if ihe distribution i*: by 
means of four wires -two waltmeters would be 
required — -one in each circuit — and the sum of their 
readin^'!^ would give the total power nf the two 
p liases. 



ro:\ER Ob n\o-rHA>t iiKiTir. 
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i the load is balanced, u^ will be the case if 

consists of induction motors only, [he pressure, 

ctirreat, and aiigle of log^ in ihe iwo phages uill be 

samCf and one wattmcler will siiftice ; it is 

rely necessary to double its reading lo obt^n the 

tal power of the two-phase circuit. 

If there is a common return conductor for the 

o ph^ftses, one vtnttmeier will also suffice, provided 




>E. 
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the lo;id is balanced. If the distribution of load is 
nequal, two wattmeters are required, ii.s sho\in in 

The vector diftjjfram for a partly inductive 
unbalanced lojid has been drawn in Fig. ^K 

Here O K| und O E^, drawn nt right rtny:fes to 
other, and equal in lenjjlh, repres^enl the 

essure*< Kj ^nd Kj, with a phii^e difTeTenire of 
90 dcfi-. 



II nV 
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will he oquul, fkiid Ihey will also be eqimlly displaced 
ill phase relaii^'dy to ihe correspLniding E.M.F'.'s, 

There 'ire two ca?ie» tt> be urn side red : {i) Ihe 
ejisi of star-connected generators with neutral point 
av";dlablo. and (j) the case of mesh - t:o»inected 
machines in which there is no neutral] point avitilable. 
The arrjinj^-'emeiit shown in Fig-. 40 is applicable tc» 
CAse \i). If we imagine the lamp load between the 
van(»LKs phases and the common conductor, D, lo_ be 
done away with. The load being balanced, Ihe 
currents in A, Q, and C will be equal, aiid if^gually 
displaced in phase relativ^ely tti the respecti^'c 
li.M.r.'s measured betvveen each of the three 
lorinlnaLs tiikd the ncutnil poini : the readings of the 
three wattmeters, W,. W^. and W.,, will he identical, 
and any one of these meters will, therefore, sufRce 
to measure the load on a baUmocd three-phase 
circuit ; it will be merely necessary to multiply the- 
reading by three. 

Consideri now, case {2), in which the neulr-il point 
is not available. The arrangement is as shown in 
Fig. 39, with the exception that one of the watt- 
meters-say Wg — is supposed to be entirely dis- 
pijiised with. The remaining wattmeter, W,, with 
the free end of the fine -wire coil connected to B 
(as shown in the tig-ure), will indicate the quantity 
R C CO* (30 deg. - d], where ^ is the aiif^'le of \ag. 
(cos 9 being the power factor]. If, now, we remove 
ihe free end of the fine -wire coil from B to C — 
leaving the series coJl in drcuil with the con- 
ductor \ — -the instrument will indicate the quantity 
E C cos (30 deg- 4- 6)- Th^ sum of these two 
expressions — after the uctessar\ siiriplification^ bave 
been effected— amounts to s^'i LT t! cos $^ which is 
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thd expres!^io« for the total power» where C anJ 
F sl;md respectively for the current in any oiii 
ci^nJiiclor nud the pressure bet wee u pha.ses of ;i 



biilaii*:^ lhret-ph;isi_' sv^tem. Thus, even when the 
neutrul pt^int is not nvailabkt the sum of two 
Te^fiin^Ts takt^n on u single wattmeter will ^ive us 
the true power of the balanced three-phase circutt. 

The vector diaj^ram Ki^. 41 will make this clear 
to ihose rcailer?* who do not i.*are to follow out the 
trigonometrical proof. Here */ h r is the E,M.F. 
or pressure triangle, and tt A, SB, and cC are the 
three ^ei^ualj current vectors, the angfle of la^ in 
each case beinff 9.* 

Tho potter, a?* ni^Asured by the wattmeter with 
the free end of the shunt coil connected to the 
conJiiclor B. will be {11 A) x the projection of n b 
(or of II \--..\ on tt A — /.i*., a' — [it A) x (*/ «), 

When the free end of the ?ihunt coil is connected 
10 the conductor C, the wattmeter will indicate 
te = \tf A) X [a m). 

The sum of these two quantities gives us 
VV — {ti M X \tt fi -f rt m). 



' Slii»ulit \\ic ii:;i(lcr cipcrLciKr Liny <lirhcully in umlcrstanding 
rtlty f i'l llii: phav^ ;ini:lt ^K.■lw^:eIl nnrenl ami K^MJ'., lie niusl 
L^LjiLbiilcr ihp l'.i[.i"'. Tri;iLLyl[ ji A f w ffc replactii by ihc 
niuiv-alcnE star sy^vciw i-f 'ccUtri i) a, \} h, (J <\ If iht load i? 
MotL induciivL^H ill? current vr^cli>r'< viHl \x in llip saiiii; ilirecliiHi u 
ihtfir rcfriiectivt M.M.f. vecTOTii ; but on an iiuluclive loinl ihcy wiU 
iiiak# ail fln|;le ^ \ikli ilic K,^[.K- vi'clors Mich thai ow f s Ihf 
jupwex factor, nr tlit r^iliij iif real In Lip|hir<:^ii uulpul. 

U slmiikl he clc^irU' iinil{?r.slLt.xl ihai itie ^ides of ihc iriai^lc 4T £ r 
rtirre^eni, l>v tlicii Il-ii^iIi ami liiccclion, ilit? ma^iiiluik and phase 
r('lali(in\ of [he priis-'niiurs nrea.-'Uied h-lu-t'eti lontiu'ters, ishile Ihe star 
i> 17, O r^, (I ' iepie^tm?< Ihe cqiiivnikiU -^Vfitcin of vtcl'irs aU radiatii^ 
froiik ;t roiiiinoii nfulr.iL |ioinl, <). That >urh a svslem nf vectors — 
railialiiif from a coninup" |)omi, O^ avh\ lenninaling al the poinKfl^ &, 
ami <" re-'^|iCrlivclv--is c4|uii;ilLiit tij llic Irlaii^Le of vectoi>» is prnveil 
ljy llie fact tliAl n i'\^ (veclorially) ei|iial [o ^(J A - O a). Similarly, 

/ r = <7t - (TT 

'•"I '-'a = 0~i7- t>r. 
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Uut Ui€ latter quantity l& evidently equiil t;> O p, or 
to the projection of ihe n'siiff/int E.M.F. %'prtor 
(O V) upon ti A ; hence 

W - (rt A) X {n V) C03 P, 

j^ud if K stands for the magnitude of the pressure 
belwetn phasies — represented in the diagram by the 
sides of the trianf^lc a b c^ or the length of the 
vectors /y E, ot a E^ — then it can be ea&ily r^hown 
thar rt V = *y 3 E, which gives ns for the sum of 
the two wattmeter reading-* 

W - V^ ti (rt A) cos 0. 

't^his is the eKprossion for the total power of the 
three-phase balanced cireiiil, being* eqiial (as may be 
verified by in Inspection of Fig. 41) lo 3 (O tt) x 
{a A) cos f. 

The method of taxiing twn reiiding*^ on a single 
wattmet^^r would not be convenient in practice, 
neither is it aecesfiary. It is possible to combine 
the ^hunt currents due respectively to the E.M.F.''i 
Ej and Ej (Fig:. 41) so as lo obtain a total current 
in the fine- wire l'oU proportional in amount and 
similar in phase to the E.M.F. represented h5' the 
resultant vct^tor tt \'. 

Instead of changiny^ over the shui^t connection 
of the single waitmeler froiTi B lo C (Fljj, 39), it 
is merely necessary lo provide two non-iuductiva 
resistances each of r ohms (as before), and per- 
uiaiienlly couiiecl them respectively lo the two 
conductors in whii^h there is no wattmeter, SLi 
shown in Fig. 43. Tl^e wattmeter will then directly 
indicate the total power of the balanced circuit. 

This arrangement is very simitar to an alternative 
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method which consists in producing an nr/rytiitdi 
tu^nft^il point by means of ii star rfaistaiii:c» iir] 
equiv<iteni Hrrangemcnr m which a. choking coil \\ 
used 1 it is, indeetl, Only necessan' lo imagfine 
third resistance, of r ohm^, iusert«d t>etiveen the fim 
wire coil jnd the poinl O. This— on \\\^ asMimption 
that I he shunt-coil resistance is neg;llgible — would 
have the effect o^ reducing the current in the shuntj 
CkJil lo one-lhird of ils previous vLilue, and the 
wattmeter would, therefore, indicate one-third of the 
lotsil power, axjiclly 'A^ if it were connected tn 




1 II J. 42, 

the Licutnd point of n star - connected generator' 
supplying a balanced load. 

I40) Vector Diasrarin for CctlcalatinB: Star 
Reftiatanocfl - The diiig^ram Ki^'. 4^^ will serve rc" 
indicate how llie required non-inductive resistance 
maj bt calculated to give any desired iihunl current 
throug'h the wattmeter or other instrument connected 
in iy\\t. phase only. 

Let tt h c be the E.M.Fh tnant,'le - the sides i^f 
which are eijual, and indicate the pressures between 
phase*!— while i- C represents the required cvirrent in 
^hunl coiK 

The first and all important point to bear in mind 
in the construction of such diagrams is that the 
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krent, C, leavings siny one terminal must exactly 
equal the resultant of the other two currentsp A 
Mid B; in other words, the sum i>f the currents at 
ihe three tenninak is alwH>>. eijual lu J^ero.* The 
first condition to be fullillcd in Fi^^. 43 is, there- 
fore, that the three current vectors ^i A. b B, anJ 
r C shall form a closed idarigle- 

Draw the dotted line B A parallel to ihe side ha 




I'll-.. 4^^ 



of ihe pressure Lrlany:le» .ind at .\ distance below It 
flqual to half the length of the (known ) current 
vector f C. If, now, we join any poinl suiih as O^— 
lying- on the prolongation of the vector r C, within 
ihe triangle fi b r— to the vi^rtices <■/ hiuI b of Ihe 
prc:*aurc triangle, it will be seen that Ike proloiig-a- 

• Tlw ^mly c!iE(xptii>ii ln.'iii(; tHf tasc nf n »uir-coDiicctcil ^nc^uim 
with fl T'lunfi pjii'liu'inr returning to ihe nenimt Jirmii. 
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tion of the liues until they cross the dotted Hne B A 
will g"ivtf us Ihe curreol veciors ^/ i and h i. which, 
when combined together, will exactly balance r C. 

It will be seer that there are manj' solutions of 
the problem, but the required ohms in the three arms 
forming; Ihc star resistance are readily calculated for 
floy position of the point O. 

The drop of pressure in eadi arm of llie non- 
inductive resistance is represented by the leng^ths of 
the vectors O a, OS, and O r (in phase with the 
corresponding" currents), and the necessary ohms in 
each arm can readily be calculated by dividing the 
lengths of these pressure vectors by the lengths of 
the corresponding current vectors — -the scale to be 
used for the pressure vectors being-, of course, the 
satne as used for drawing" the trlang-le a h c. 

The total waits lost in the star resistance will be 
equal to the sum of the C- r losses in th* various 
arms of the star. It will be found that, if i' C is 
kept constant, these losses increase as the point O 
\& taken lower down. They will he greater for the 
system of vectors drawn from the point O^ ihaii fLir 
that which has for the common point O^ (the centre 
of the triangle) ; but the most economical arrange- 
ment consists in doing' away with the resistance in 
series with the current C. This bring-s the point O 
to coincide with f, and makes the Uital power 
absorbed by the resistances onlj' two-thirds of what 
it would be if a star resistance with three equal 
i\rm^ were used. It will be observed Ihat the con- 
nections in this case would be exactly as shown 
in Fig- 4a. 

Exajiiple^ — Let us assume the pressure between 
phases to be 100 %'olts- This means that the 
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triangle a d c is drawn to such a scale that each 
side measures lOO units in lenj^th. Let us also 
suppose the required current, c C, to be -2 omperes. 

From the point Oj — which \^ the centre of the 
triangle — draw the three linea radiating: to the 
corners. The three pressure vectors, O^ ^7, O^ b. Oj, c, 
will all he equal to 57'7. ^nd the three cvjrrent 
vectors, v Ct ti z^ b 2. will all be equal to '2. 

The three resistances Forming: the star will each 

have 10 be equal to ^I-l. = aSS '5 ohms; and the total 

watts dissipated will be 

W = 3 X 577 y '2 = 34-62 watts. 

Now reduce the resistance in series with the 
current C until it is equal to Jero : this will bring 
the point O to coincide uith r, and the t^vo pressure 
vectors reprcsenling the drop .across the_two remain- 
ing arms of the star resistance, will be i' a and l- b — 
each equal to jog volts. The currents a A and b B, 
in phase with these pressures and such that they 
will balance the current r C — will each be equal to 
^1154 amperes* 

This makes each of the two resistances equal to 
100 

will be 



= 866-53 tihnis : ;ind the total watts dissipated 



W = a « 100 y- '1154 - 33-08 watts, 



which is exactly two-thirds of the power lost in the 
resistance with three equal arms, 

(4 1 ) Vector Diagratu for Uabalanced Non> 
Inductive Ttree-Phnae Load, — (mixgine a non- 
inductive load, such .\^ -a hank of incandescent 
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lamps, to be connected, delta fashion, between the 
terminals of a three-phase supply. 

Let ffi, n, and p stand respectively for the values 
of the curreiits flowing throug^h each batch of lamps. 
The vectors representing the currents (see Fi^, 44) 
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will be cm, an, and b p, drawn in phase with the 
pressures between terminals, and of such lengths as 
to represent^ to a suitable scale, the magnitude of 
the respective currents. 

The total currents which will flow in the three 
conductors connecting the load to the source of 
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supply will be A, B, and C* which are readily 
calculated by suitably combining- the ctirrents rtr, n^ 
and p. Thus. 

A = iii—if 

B = jt—p 

C = p—ni 

Aud by constructing^ th^ dotted para Ik log rams In 
Fi^. 44 we readily obtain the thre*; vectors (/ A» 
SB, and (' C, which, by their lengths itnd directions, 
indicate the mag;nitude ajid phase relations of the 
eurrcrits in the three conductors of the transmission 
line. 

Owing: to the construction of the diagram, the&e 
three vectors aill necessarily always form a closed 
triaugle, which is one of the fundamental conditions 
to be fulfilled, bccauac this is equivalent to stating 
that the total of the currents leaving the source of 
supply by any two of the conductors must be equal 
to the current returning to the source of supply by 
the third conductor. 

Another condition which wIU always be fulfilled if 
the load is non-inductive, is that the current vectors, 
when produced inside the Triangfe, will meet af a 
common point O', It has already been explained 
that the E.M-F. triangle a b <■ can be replaced by 
AW equivalent system of vectors radiating from a 
jommdn point and terminating^ at Ihc points «, i, 
and V respeciively ; and // tfse hud is tion-'itidttcti^'e^ 
there must, of necessity, be such a system of 
^-ettors, ctich one of •whkh •mU be in phase with tke 
Corn's pi\ndng current vi'cfor^ In the diagram, this 
particular system of prejisure vectors is represented 
the lines O'-/, O'i, and Or. 
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Catcfiintwn of Ptmer from the Diag-t^arn. — A number 
of different sets of ineasii rem cuts can be takei] off 
the diat^ram Fig, 44, by m^^ans of which the totaJ 
ptiwer, W, call be c^lculnted. In the firsi place, tie 
have 

W - (c a) X {c m) ^ {ab) >. fd n) + (5 r) x {h p] 

But, if the cLirreiiLs m^ u^ and p are iiot kuowo, and 
we are only given the three current vector?; A, B, 
and C, we have merely to produce these until they 
meet at tbi? common point O' '. then the totaJ power 
\s 

W = {Q' a] y: {ai\) + {Ob) w (i B) + (OV) x [c Q). 

Tt should, perhapSj be pointed out that any star 
system of pressure vectors mny b& used, provided 
they terminate ut the points a, f>, and c respectively ; 
but if these vectors radiate from any other point 
than O', the phase angles between liach vector and 
the corresponding- current vector must be taken into 
iiccount ; eni-h pressure vector must be multiplied by 
the projecitort upon it of the correi^onding- currenl 
vector. We can, therefore, also write: 

W - (On) >c \nia) + \0 b] x [bn) A-{Oc] x (ru), 

and any one of the above three expressions wil[ 
correctly give us the total three-phase power. 

IVaitlcss Curreni. — If the load were baianced— £.y.» 
if all three curreuts A, B, and C were equal — the 
vectors a A, b B^ and v C (for the condition of a load 
which is non-inductive) would He on the linos drawn 
from the centre O through the vertices of the 
triangle. The reader may, therefore, al first sig-ht, 
be unable to account Jor the presence of what 
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would appear to be *'idle'" or *' wattless " current 
componenrs in the digram t\>r a rron-indnc/iTje load 
(see Fig- 44), even thoug^h this be unbaUnced. 

It will be noticed, however, that, in Ihe diagram 
Fig-- 44, the wattless component I'a A of the current 
A is negiiU'L'e (beiug^ measured Lo the ligbl of the 
pressure vector O a), while the other two waltless 
CDrnponenr^;, t'l B and i, C, are both fosifive ; and it 
will alio be found thai the sum of these two 
positive components is exactly equal to jq A, thus 
nrakitig the mean idle current in the three phases 
equal to zero. This can be proved as follows: 

The line /„ A is the projection of c m on c b Isss 
ihe projeotEou of 11 n on c b, ;uid we may therefore 
write 

ffl \ ^ m cos 60 deg-. - ?t cos 60 dcg 

Similarly, 

if, B = n cos 60 deg. - p cos 60 deg, 

and r'c C = p cos 60 deg". - rtt cos 60 deg. 

Summing up both sides of the three equations, 
we get 

i„ A + fft B + if C 

= cos 60 deg. im — ti 4- « - P -\' P ~ *") 

= o. 

But the simplest proof that the power factor is 
really unity evidently consists in producing the three 
curreJit vectors A, B, aiul C until they meet at the 
point O' within the Inangle. If they do not meet at 
a common point, it is a certain indicalion that ihe 
lead has appreciable induction, or capacity, or both. 
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(42] Diagram for Balanced Iitdaotive Irf»ad.— 

A condition very frequently met with in practice is 




that of generators supplying current to induction 
motors only. 

In this case the power factor will be less than 
unity; but the load will be equal on all three phases. 

Such a load is shown diagram mat ically in Fig. 45, 
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Here the curroHt t^'ectors A, G, aud C are all equal 
Ili length ; but, iiislcitd uf beiiig^ in phase with the 
pressure vectors o a, ct h^ fliid o c, tbey lag" behind 
the<;e vectors by a certain angle fl- 
The total power is 

VV = J (</ " « */ /) 

— 3 X fj ji X f* A cos 6 

^ ^ E c cos e 

wliere E is the pressure between phases ; 

C 13 the amount of any one of the three line 
currents ; and 

cos 9 is the power faclor of the balanced 
three-phase circuit. 

Measuretnent of Ptrater J'^actf^ on BaUmced Lnnd. — 
Thert are insirnments called phase meiers. or power 
factor indicators* so constructed as to show, by the 
position of a pointer, the phatie angle ^ between 
current and E-M.F. ; but, by meaTis of a voltmeter, 
ammeter, and wattmeter, this ang^le can evidently be 
cali^rulated : the two former in^irnrnents will enable 
us to Lslculate the appareut power (3 k rt x (^ A), 
while the wattmeter will direetly indicate the true 
power (j X fj fj >: ff /), and the ratio which this 
latter quantity bears to the apparent power will be 
the p(H£ier fttctof (cos $) of the three-phase circuit. 

|[ 15, however, possible to determine the angle d, 
even if neither ammeter nor vollmeter is available, 
hv the use of a wattmeter only. 

It has already been explained isee p, iiS) how 
the total power of a balanced three-phase circuit 
may be measured by mean« of a Single wattmeter 
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connected in series with one main, and of which the 
shunt coil is connected akeniately to each of t]:f 
other two mains ; the sum ot the two readings 
giving the unal power. 

These two wallmcLer readings will also enable ua 
to calculate the power factor of the load. Let Wj 
and Wg be the two reedings rf the wattmeter, tlicn, 
\t' d is the angle of hit;, it can be ^hown that 

t.n & = 4^^^^>. 

From this we ohtain the angle fl, and cos 6t ^^te 
power factor of the balanced circuit. 

Tha.c the above formula ts correct for a power 
factor of* unity is evident, because W, will he equal 
to W,j ihus making- the numerator of the right- 
hand side of the equation equal to zero ; and tf 
tan tf 1= o it follows thai 6 = a, which is the 
condition required io make the power factor (cos i') 
equal to unity. By the aid of Fig. 45 it will be 
seen that the above formula is correct for any \alue 
of the angle if. 

Let us suppose the current A to pa^is through the 
series coil of the wattmetei, and the reading W^ to 
fae taken with the free end of the shunt coil con- 
nei^ted to r» while for the reading W^ this connection 
IS transferred to 6. 

The power W^ wiil be equal to the product of the 
volts'! I' a by the current a A, or to the length c a 
multiplied by the projection oF a A upon c u. 
Similarly, the power VV,^ will be equal to tt ft 
multiplied by the projection of a h on a b. 

It will be observed that, in the two readings, the 
dftionnts of the main ar>d shi»nt currents remain the 
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?^ame, hut the p/ias& of the shunt current is different. 
The results obtained by adding or subtiactiiig- ttic 
two wattmeter readings would evidently correspond 
with a single reading of the wattmeter obtained by 
passing: through the shunt coil a current tqual io 
tho sum or djfterence — as the case may require — 
of tbe two separate shunt currents. Now, the sum of 
the two vectors c a and a b is c b\ and their 
difference — which is the same Ihiiig- as the sum of 
f a with « h reversed — is b d. exactly at right 
angles to b c, and equal in letig-th to v 3 limes B r. 
We may, therefore, write 

(Wj + WJ ■= h d V, the projectioo of ^ A upon b d 
^ hd X a I 



and 



;Wi - \\\) = f>£ X iA , 



Inserting the values (i) and {2) in the originaf 
equation, we have 



a t 



which, since ^ lA is a right-angled triangle, is the 
definition of the trigonometrical liUig<?nt of the angle 
tf, and proves the correctness of the formula. 

(A little difficulty m:iy be experienced in under- 
standing why the difftrei'c^ of the vectors c. n and 
ii b should have been taken to obtain the equU-alcnt 
rvsultaot vector from which the sum of ihe wattmeter 
readings is calculated, and r/re ver^n ; but this i^ 



-due to Ihe melhod of chajiyin^ uver the shunt ci^ii- 
nocrion, leaving- llie surm' end of the shum coil 
permanenlly tonnetted to the main A in vhicli the 
wntliiieter is placed, f 

fi.\iui!pit\ — I,el us siipposii Ihat the u'attmeter 
re;jding" W^ = 3o kiloH"9tt5 and Wy — \o kilowalls^ 

tan (? = V 3 (^o ' lo) 

JO + lO 

^ "577 

Refernn^ lo a Uible of natural tang-^nts, we see 
that ihlh tor re spends lo an angle Q = 30, and sinct 
cos 10 clc^i'- - -866, ihiii nil! be the power fa»Jtor of 
tbe balanced three-phase t'iri:uit. 

(43J Unbalanced InductiTQ Load — Con:^ider h 
three-phase sj>;tern in which a^ lamp U>:i.d in taken off 
one or more phases, in addititin to induction motors 
on all three phases. This may be effected fi) bv 
connecting the lamps in deJta tashioo directly 
beiween the conductors A B, B C, or C A. or {2) if 
fhc gfcncratOT armature windings arc star CL^nnectcd, 
bv running- a fourth wire, D. back from the load lo 
the neutral point, iind connecting the lamps beirieen 
the terminals A, H, or C and this fourth conductor, 
as shown in Fig'. 40 (p. 1 17). fn either case the three 
i;urri'nl vet^fors A, B and C (FJg. 4GI mny be 
unequal in length, and make ditTerenC phase aniijles. 
n, ft, find y, with the equivalent star vet;lors drawn 
from the point O (the centre of the triangle) ; but 
in case (i| these three vectors will form a closed 
triangle when combined together, whereas in ca,%e 
(2) the vector representing the current (if any) xn 
the fourth conductor, D, will be required to close 
Ihc poly^'on of the current vecior?!. 
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The question now arises as to what is to be 
understood by the power factor of such a load. It 
may stiEl be defined as the ratio of the real power 
to Ihe apparent power ; but although the real power 




Kill. 4S, 

is readily measured or calculated as already explained^ 
it is not so easy to define what is now to be under- 
stood by the apparent power of the unbalanced 
ihree-phase circuit. 
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ir alJ three phase sogL^s, n, p, and y^ are measured 
in llie direction of retardaEioni a close approximation 
to the power factor will be obtained by assuming 
the n/ijftirt'itf output lo be equal to 

the nea/ output being 

Vk' = e X {a I's + ^ /t + r /V] 

- *• « (A cos a + B CDS P -^ C cos y). 

nlnce power Factor = 1^^^^" -f B co. /J H- C ^osy)_ 

This ^Kpression [<« nor, however, j^rriLnly correct; 
Hnd ihh witi b^ uuder^tuoU whi^n it h tenVised that 
ono or two of the phase angles may be meatiurcd ia 
trdtvttici^ of the star vectors on, a A, t>r o c- This 
mi^ht occur if the load is nearly or quiie non- 
inductive on one or more of the phases, and, indeed, 
thd incorrectness of the formula v,-\\] nt once be 
apparent if we attempt to appTy it to the case of 
an unbalanced bvit purely non-induttive load such 
as is represented by the vector diagram Fig. 44. 

Here the power factor is unity, yet the sum of 
the three currents A, B, find C would be greater 
thr*n the sum A cos u + B cos /J + C cos 7 (or 
ii U + * ^6 ^ ^ h)\ which proves the above formub 
to be inaccurate, and not applicable to all cases c( 
an unbalanced load. 

It will be found, how^ever, that if we consider the 
mean total current as being made up of two 
factors — the mean useful current and the mean 
"wattless" or "idle" current — we shall, by com- 
binint^ these at 90 deg-., obtain im expression fiir the 
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lol^! apparent power which may be used for ciilcn- 
IriUng the power factor m all cases, whether the load 
T>e balant^cd or otherwi^i^, 

Tbu^, the mean tutdl line curreni, instead of being" 

should be expressed as 



A + B + C 
wnllen 



I V (^ + d + f)^ + {'« -f 'b + icy 

where «, 5, aud c stand for the "work" i; opponents 
of the currents — A cob h, B cos P, and C cos 7- 
;tiul j„, t'lf. and r'g stand for iht" *' idle " components, 
at right angles to thebe last, or A &in u, B sin fi, 
jiiid C sin y. When the sJ£it of this idle curfenc 
i:ompoiienl is taken into account, it will be seen thai 
Ihe aboi-c expression may g"*ve results differing 
;ippreditbly from the mean of the currents m the 
lines, and, in the event of the load being enlirelv 
non-inductive, the algebraic sum of the idle current** 
will be zero, thus miiking the apparent power, as 
i.dciilaled by this method, equal to ibe true power. 
The power factor of an unbalanced tbree-pha&e 
^v^d m^y, therefore, be expressed by the ratio 

real povver 
V (real power) ^ + ("idle power "|- 

whioh, if we adopt the lettering" of Fig. 46, would bi; 
written 

(it L +^ h it, -k - r r'g). ^^^_ 

V \^a + 'b 4 + r i^Y + (A *; + B H + C^ 

KxiinipU. — Suppose the pressure between terminaLs 

to b»J 500 volts, :md k-t thk? phase angle:i be 

re^ipettively 

ct = 45 deg. of fu^ 

P ^ la deg. of iitjf 
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and assume the noun currents ^ a» indicated by the 
line ammeters, to be 

A = 140 amperes. 
B ^ 215 
C = 105 
Then ft r], — A cos a = 99 

i^ ?i ■= B cos^ - 211-7 
r le = C cos y = 101 "4 



Also 



Total 4i2"i 

A r\i ^ A sin « = + 99 
B ;V « B sin ^ — + 37 "3 
C /, = C sin 7 * - 27-2 



Total log'T 

The real power is therefore 

500 

'■,- y 4i2'i " 119 kilowatts, 

anil the power factor is 

4]2'1 

7i4i^-i)^ +"(n>9-i)^ " 9^^'* 

* If il IS de>^ircil to dispense ^^■i^h the process of squariiij; nnri 
cxT-Taclinj- the s<]uaro moi^ wo ciin iim? IrigunoniettLcal lahlr:; ihu^ : 

I.cl 00s 9 -slanfl fnir (he pi'^viT fflclor nf the ihrce-phas*: circuiti 
the", since 

iiitan Mil tf = j >; ]09'] 
,irn[ nn^nn ci>s 6 = I y. 412"[ 

KM> tf =??2J = -2647 
4I2I 

wliich coTrrrspoml^ lit an aiiyle fl uf I4* 50'. My referrmj" Ui a 
table iif naluTal rosiuts wt nee thai cc».s 14'' 50' = '967, which vi 
the same ri^siiU iis ohLaiJied by lilt iimre lengthy process <ir addin]; 
The squaies and e\ttacliii(; ihe .si|iiari^ kjoI. 

In ine March lumiltcr of /"'tfit'tr { 1906) the author de.scrilK^s a simpli- 
^phical melhod which reiniires imly four iin^a^urements lo lie lateii 
off Ihc f]iaj;rflin, 3n<l >el j^ivos all pntlirular^ for calcufatm^i Mil- 
" real " und ihe ^'iille'' pimer. and hence Iht- [lower faclor of any 
ihrCC-pha^e circull rtht'ther Imlanci'd <'i mn. 
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}4l Measurement of Power on Higlb-Teiision 
Circaita. lii a]\ the foregcin^ dijigrnmsi the insiru- 
lYierit^— whether wjittmeters or jininiereTs — huve been 
wbown as being toiinected in scrie-s with the miiin 
leads. This mGlhod, bowovar, oniy iipplies to 
orciiTts d( pressures not exceeding, say, 500 volis. 
[•"iyr hig-htrr pressures, Eraiisformcrs arc generally 
iisod, in order tha^t low-lension OL^nnivlLMi? c^iily miiy 
he li rough [ Lti I he ifnniii^ils of iIil' instruirieius. 



WatTn-.Gler 




n.;. 17- 



The vuriou'v mt^Lhods k?f piivver iMeasurenn^ni ^re not 
rdiereJ thereby i it is mcrelj iieLth?*iiry lu coiihiUer 
Ihc tnins formers as suitable pieces oF uppEirjiius lor 
piMviding seocMidjiry pressures or t'urrcnts — as The 
citie niay be — c-Mtc/fy proporitQual . ttnd t\f the sntui- 
phttst as the primary pressures or currents. 

A^ an example ihe diajjrum Fig- 47 hjis been 
drtiwn. It illustniii's \\. sn^lablL^ jirrangement fcr 
moiisiiring the ttiEal pL>\ver of a bulanceti high-tension 
ihrci'-phiise L'irizuit, 
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Here A and u are the primary and seciindary 
w-iiidrngs of the current /raus/tirrnej' connected in 
sieries with one t>f tho mains. This sends a t'urreat 
thrcujgli tht main cdl, M, of Ihc walLineten of 
tbe same phase as the current A* and of which the 
actual amount will depend upon the ratio of the 



^u- 
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primary and sccondar)- tarnis* but which — In any 
case — will be proportional to A, 

The two pressure iratij formers, each with T turns 
»n the primarj' winding nnd / turns in the secondarj', 
haw their primaries connected up between A and B 
iind A and C respectively, while the secondary wind- 
ing's are connected in series, and provide the shunt 
cnrfL^rit for the pressure coil, Z. of !he wattmeter 
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Fig. 4^1 will serve to explain how the wattmeter can 
be made to correctly indicate the total output of the 
balanced circuit- 
It wiJJ be seen that the secondary winding of one 
pressure transformer (Fig. 47) is reversed before con- 
necting in series with the other transformer and the 
pressure coil of the wattmeter. This means that the 
resultant current throug-h the pressure coil will not be 
proportional to the sfim of the vectors b a and n c 
(Fig, 48], but to their differeJice^ which is represented 
by the dotted vector b v. This last is at right angles 
to c b, and parallel to O ie ; and, since the total 
output is equal to three times O a x X cos By or to 

it is evidently only a question of calibration and 
of the ratios of turns in the various transformer 
windings, to make the single wattmeter register the 
exact total output of the three-phase high-tension 
balanced circuit. 
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CHAPTER V 
POLVPHASR Transformers, 

(45) Theory of the Sinsle-Pha^c Transformer. 

A s.inglti-phfl'i^ nl[jjrn:itin^-current triiii?^JoriTit]r may 
be L:L*ii>iiJered iis iionsistin^ of a core of lamiiifited 
iron upon which are wound two seta of cijils, kiiovfi 
fls the priman- and secondHry windings respectively. 

If ail ultcriiatJn-i- lil.M.F. is applied to the terminals 
of th^ primary, this wJM lead to a certain flux of 
akenmtiug itia^netism being set np in thu iron Lort, 
which, in its tun, will induce a back E.M.F. in tlie 
primary winding ; the ai^tion being that of a c/i"kirT^ 
rail (see article 17, Chnpier 11.)' BiJt since the 
secondary circuit -— altliougfh not in electrical con- 
nection with the primary — i« wound on the ^^me 
iron core as the latter, the variationb of magnetic 
flux which indnc^ the back E.M.F, ui the primnry, 
will, at the same timo, genenue an E.M,F. in the 
secondary coils, 

Tlie path of the magnetic lin^^ is usually through 
a closed iron circuit ; and, nlthotig^h in practice there 
Is alwiiys iL certain amount of leakage or stray 
magnetism which is not enclosed hy the secondary- 
windings, the effects of this magnetic leakage are 
very small in nl! well-desio;ned transformersj and it 
will somewhat !;implify the dijigrams if we negloct 
this entirely. The absumpliou is, therefore, that Lhe 
whole of the magnetijim roi^uired Co produce the 
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[icco^i^rLry back E.M.F. in the pnm^tn- coil passes 
hIko throii^''h the fiecoaditry coils — that U ti> say, the 
mducetl E.M,F, flcr /i/nr of "^in' i> suppiisetl [l* be 
esji^'th- tho siime in Ihk? sfc^Jnclary [a.s in the primiiry 
Ortil- 

Supposc wow that the two eiidN of tlie primary 
wi[^Jiiijjf are connciTted To const;jri - pressure mains, 
and lliat no irurreni i.s i Jikt^ii from rhi? VL'L-L»iidary 
winding"' Under these conditions, the primary circLiit 
acts simply as a chuking- coiL of \rhich the self- 
imJiiiiLion i-s >o gre^it, and tbe ohmic resislance rela- 
tiVL'h s<> small, that ni^ irurrent pa^ir^es, except the 
very >mall amcunr required to magnetise the cora. 
The induced E.M.Fh isi therefore, practically eqLial 
rtnd opposite to the applied potential difference at 
primary terminals, and the relation between the 
ira-^fnctic llnx in the core and the pnmi^iry impressed 
I'^.M.F, will btf i^ivi^n hy the equatioi^ 

^^Piere p,„ stands ftir th^ mt'ttii value, in volt^;, of the 
prtmarj' F-M.F, and n K the frequtncy. 

The number of turn?i. S, in the primary of a well- 
desiijned transformer is alwa^'s such that the current 
required to produce the lIlaslleli^ation N i> very 
sinall; it is ^onerfilly somewhere between 2 per cent. 
anLt 5 per cent, of the full-load currenL 

Xllhough the rise and fall of the mag'neli^m ^\ill be 

a quarter t»f a period out of phase \\ith the E.M.F., 

the oper^-ci^clLil primarj" current will not he entirely 

waltlcb^." but may be considered as made up of 

components — the "wattless" or true magfnetisinj^ 

iponcal, in phast- wlrh iW miitpnetism, ^L^d the 
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" work *' component, due to hyatereais aJitl oJily 
currenis, in pha^ie with ihe impressed E.M,F. Tlie 
reader Is, however, rclerred lo iirlide 2j (p. 59)1 
where the question i>f miignetising current for a 
cimrif contH-ining^ iron has already been de^lt uiili. 

Since the secondary and primary coils are bolh 
wound on the sam^ core, it follows that nay 
varlrititin in ihe ni-ij:fiitlism will prodLice iin K.Vl.F, 
li\ bofk circuits \ alao> the actual volts induced ^vill 
be directly proportional to the number of turns Lif 
wire \r\ the coil. 

Thus, if the priintiry winding consists of 1,000 turns 
0.1 wire, all in seriesn while the secondary has only 
50 turns, the raliD of turns is 20 ; I, and this will 
also be the ratio oF primary impressed E,M.F. to 
secondary induced E.M.F, cm the assumption of 
there bcin^ no mag:nctic leakage. 

For convenience, we shall, in a.11 cases, suppose the 
primary and secondary windings to have the same 
number of turns ; the transforming* ratio will therefore 
bi^ 1 t 1, and the prossure obtained at secondary 
terminals will be eAaclly e^ual, but opposite in phase, 
to the applied primai'V pressure. 

Thi<J last sTjitement \uill only be strictly correcl it' 
we also assume the ohmic resistance of the coils to 
be neglig-ible : but the pressure drop due to tbi^ 
internal resistanire is aUvays small and rarely exceeds 
a per cent., even in small transformers; it is easily 
taken into accotint, if desired, but <jince the principles 
of action only will rtceive our attention, deidils uf 
design will not be dealt with, aiid we may, therefore, 
neg-lect the ohmic resistance of both primary and 
secondary coils. Imagine^ now, that Ihi.' secondary 
circuit of a transformer, with primary on constant- 
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pressure miiins, [s dosed Ihrcnig-h a resistance; Ih-^ 
resulting current will pfodiice a magnelising force in 
the core. This mag-netisins" force will not produce it 
chang-e in the mag-nerism, because it will be instantly 
couEiteracted by a change in the primary' current, 
which will so adjust itself as lo maintain the same 
(pr nearly the '*ame) rycle of magnetisation as before; 
that is to sav* the flux will continut: lo be such u> 




Fig. 45- 



wiJl induce an E,M,F. in the primary winding's equal 
but opposite to the primary impressed pcteiitiul 
difrerence. These two opposing pressures can 
evidently not be exactly equal, or nci current 
would flow in the primary coils ; but since, in 
pLat'ticcT the primary resistance — although not of 
zero value — ii^ relatn-ely small, il will be under- 
wit i>od that a very small resultant pressure across 
the primary terminals would cause a very large 
current lo flr*w throuij-h the coils. 



'¥' 
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Ill Fig^ 49, K^ is the curve of primary impressed 
E.M-F. , and Cj is the mag^nelising- current, distorted 
by the hysteresis of the iron core, Ej is the curve 
of secondary E.M.F.. which coincides in phase with 
the primary Induced E,M.F., and is therefore — 
on Jiccouiit of the comparatively small ohmic resist- 
ance o{ the primary — almost exactly in opposition to 
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the impressed E. M.F. The cnrve of magnetisation 
(not shown) would be exactly a quarter period in 
advance of the secondary E.M.F. 

In Fig-, 50 the secondary circuit is closed through 
its proper load of incandescent lamp!>. There is no 
appreciable self-induction in such a circuity and the 
secondary current will, therefore, be in step with the 
secondary E.M,F. For simplicity it is represented 
in Fijj. 50 by the same cur\'e as E^. 



Thf l^?iidenc\ of' ihN seL'ondjirv" currenl heiiig li> 
weaken the magnetism in the itn'e, iijid Ihereforc 
diminish the priinary induced l^-M-F,, il I'l>IIows thiit 
Ihc LurreiiL in ihi^ piiniary v ill j^row until llit 
in^xffnetism is ag^iin of sin:h an rimcunt -is to restore 
bnlriniire in the primary ciivuit. Hence, ne^'-li^cliiii^ 
the small ]c>ir> of soli'* due to lh<i inl:rert^.etl primary 
current, the indnction throuj^h the primjcry must 
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remain as before; and llie iick\ current Lt[r\t:H C\ 
(FijT' 50], is obtained by addlnj^' ihe i-^rdinytes ot thtf 
current ciir\e in Fig, 49 to ttiose of another curve, 
ex.ictly opposite in plmae to the setondtiry i:iirrent, 
and of such u vakie its to produee ^n equal 
tnagnetising effecf. 

(46) Vector Diagram of Traiisformer witbont 
Leak&ffe. — In Fii^r. -x iti o t^, repre.seiu itie 
-secondar}' E.M.F. Then, on the as.s-umptiori that 
the voltag:e drop in primarv, due to ohmi^ resi^tonco. 
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lit ncglijriiile ^ which iLsMimplion is generally per- 
mi^isibU' — the prmmrj impressed E-M.F., E, will be 
exacttv opposite in phase to the ^econda-ry or induced 
E.M.P., and O E will be equ^t to O C| multiplied 
by the TRtio of turns in the two winditigs- But, 
since we have a*i*;iinitfd — for unifijrmity and l"i*ti- 
vcjiience of lonsirutlliiLi^lhcit the Iraiisforming: rdtio 
is I : I, tho length O IL must be msde eqwal to 
O I-.. 

With re^Mrd to the magnetising current in the 
primiiry coil, whit'h will be very small, this will 
consisi o\' the '* wattless" or trup exciling current 
O C„ in phase with the induction — and, therefore, 
90 de^r. in atfi'trinv of O f, — -and the "work" 
component, O C^,. 'J' phase with O E. This " work " 
component \^ due partly to hysteresis and partly 
to eddy currents, as was explained in Chapi:i?r I!., 
article 23, had lUuMrdted by Fig. 19, 

The total ma^netisinf^ current, O C,^, may now be 
drawn; it will Uij; bfhiini ihe impre^^sed E,M,F- by 
about 45 degf, in a well-designed transformer, which 
corresponds to a power factor on open secondary 
circuit of about 7. 

Effuct of Ciosij/ff Sfcuttdtiry arr N^on-initucth'i' Loud. — 
The load being ncin-itidnclive, the secondan" uurrent, 
O Cj (Fig. 51), will be in phase with the secondary 
E.M.F. it will be balanced by a component, O C,, of 
the primarj' current, evactly equal and opposite tn 
O C. (and therefore in phase with E) ; and the total 
primary current will now be repreftenied by the 
resultant O C. 

Efftc/ of Clc^if^ St-Ciuid'irv' on Pttrily Inductii'c Ijk^d. - - 
in Fig-, 5.3 let O t'., be Ihe secondary E.M,F. as before, 
;tnd O Cj The secondary current, which now lags 
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somefth^t behind this E.M.F. The balancing Ctim- 
ponent of the primary current \\\\\ still be cqiml and 
opposite to O C«, with the Tosult that thi> primary 
I'uTrtnt, OC, will also lag- behiiitl Ihe Impresst'd K.M.F. 
\t will be evident from mspectJoii of the diagram 
that the energy put into the primary is still in 
excess of the energj- taken out at the sccoiidarj' 
tcrminaJa by the amount lost in hy^^tcresis and eddj' 
L-urrents in the core- 
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147) Current Tranflformera —The small trani- 
forniers used in connection with aliernatiug'-current 
moasuring- instruments to obviii.lo havtny' to take 
the main current directly throui^h Ihd si?ries coils of 
IJK" Lii^irumecjtSj are known .<> i:urr.:iil or series 
Transformers (to distinguish them from pressure v>r 
shunt Iransformers). 

They are used either becau.se the main circuit Is a 
hij^h-polenlial one, or becau'^e the current fii same 
IS veiy heavy, in which case — by *iuiUib1y arran^iriu- 
tht ratio cif primary to s^condnrj turns — any com- 
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venienl current can be passed lhTOLig"h the main coil 
of Ihe in>Htrumenl- 

SuL'h trinisformers. i h<jri?fLir^, piny the sstnie pyn 
iij nl tenia tin^-currcnt tirciiits as the heavy current 
!*hunt?i of direci-cLirrenl insLrument-i ; but lh<?v ha^i? 
the additional advantii^e of keeping' the iristrumeiU 
connections entirely separate from the main drfuit, 
so thiit. hy -suiiably insvilalinj,'' the windings of the 
transformersi the instruiiitnl may be made quite 
srifc to handle, even whoii iistd on ^cry hii^h -pressure 
systems. 

A current trcUisfcirnier doe:^! not differ in pniKiple 
from 11 pressure Iransformor ; und [he forej^'oinj:^ 
Jir^grinr^ are equally applitahle lo either type. 
Some care is required in denig^niiig these Iraus- 
formers, as it \^ important that the secondary current 
should bear. a>i necirly a.s possihle, a coiistiint 
relrttioii to the primary current, Tt I'an never be 
theoretically i-stactly proportion !*l to the primary 
current, because of the mag-ueti^in^ component 
af the lulterT which does not dL-pend upon tht- 
actaal value of the IoIhI current. 

It is important that the necessary ma^iitlisini; 
current be kept within small limits, otherwise, on 
small loads, the proportionality between primary and 
si^L'ondary currents would no lonj^^er exists 

It i^ well to bear in mind t>iai a transformer with 
its primary connected acro.s.s ton>tunt-prcssure mains 
must never have its secondary short-circuited, other- 
wise both winding-i will burn up. 

A series transformer! On the contrary, must never 
have iti^ secondaiT open circuiti^d, otherwise the 
indnction in ilie i^ore may reach iis saturation limir, 
,incl lead to overheathiiif >;>[ the iron. 
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(4S) Polyphaso Tranaforaaora, On any pcW- 
pliaht system, it if* always jiLiEsKitale rci use two i^r 
more sing-fe-phase Uiui^ifLJrmerh, huitttbl^' connected up, 
for the purpose of nii^inp or lowering- the pressure 
iM' tbt? supply leails. 

The u*e of siiigfle-phdse traiiiformers has niucli 
to recommend ii, as, in the event of a br&ikrfown, 
the repairs are ^'■enera.lly more qiiiLkh" :!ii[l iTiore 
cconomicallv i:arrled oiil. 
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Indeed, lor kirj^^e ouipuLs, ii is custinnnry To iisf 
separate sini^k-- phatit: tran.s formers on the various 
plisises. A polyphase trRii^^former, built up unth a 
tomnion iron core, mifijht become \t:v^ larg^e ; Vhus, 
on it Ijiree-phitstf I'ircuit, il would be required t\> 
deal wilh Oiree limes the nuipuT of each siiij^^le-phase 
iranst'orrtii^rH and, _ apart from Ihi: difficuliieri of iiiaiiu- 
tacture ynd handling', there would be more difti^'ully 
In pro^idin^ jLdequali; cooling Mirface, ivilh the 
result that the ->avinj^ tn L.*o^t ol material rctjuired 
W*>uUl hi' very small 
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Ill the L"ai*a of transformers t'i>r small outputs it U. 
Im^iever. nheaper to arrange the witiiluig!^ on a 
i:omnicii iron cor^. Fi^rs- 5J and 54 !iliow sections 
through a hvo-phase a.nd three - phase (ransfonner 
respectively. 

Ill the former» the primar)' and secondary coils 
belong^ing- to pha^^ A are wound on the left-hand 
limb of the closed iron circuit, while pha-ie B is 
wound on the right-hand hmb ; the*;e two limbs being" 
of equal section. In the centre, bet^-een the twi^ 




liobbins or sets of coils, a common path for Ehe 
return magni'tiim is providedi and sinue this will 
have to carry eilher the sum or the diflerenee of the 
two equal altcrnaliny fields Imviii^ a phiise difference 
of 90 deg«, the centre core — if designed for the 
same Buy density as the two outer 1:0 res — musr 
have a cross - section -/^ limes as great as either 
A or B. 

^11 ^'ff- 54 ^^^ three iron cores are c^ualj and 
they a-re each wound with the primar}- and secondary 
coils belonging to one of the thr^e pha_^es. With 
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this a.rrari|^einent In place of three separate trans- 
formers, if tht fluTi density is supposed to be 
the same in each case^ the saving- of iron in the 
rnag^netic circuit will be seen to be quite appreciable: 
it wilL be noticed th^t each of the three ircn cores 
forms the r-etum palh for the magiielii: flux in the 
other two, in the same manner as the three 
cijnductors of a balanced three -phji^t? circuit suffice 
to carry the current to and from tlie apparatus 
constitutinR- the load, 

(.39) Metliods of CoTineGtlne: Three - Pba&o 
Transformers — If it is desirable or n^cc^'^nvy to 
have the neutral point available, the secondary 
windings of the three-phase transformers must be 
V connected ; and for small transformers — in which 
the space occupied by insulation is large in propor- 
tiLin to the cross-section of Ihe copper in the 
winding's — a saving in cost and weight is effected by 
adopting- this mode of connection. 

The clii^f advantage of nJnneiiting np the windings 
in A fashion, more especially when three separate 
transformeri; are used, is Ihat^ in the event of one 
t>f the transformers in a group of three breaking 
down, it can be entirely cut out of circuit, leaving 
the two remaLnlng- sound transformers to provide 
ihe nKtessary three-pliase pressure ; but this witi 
not be possible if the windings are star connected, 
since, with this arrangement, any two windings taken 
together will only provide the pressure across t>ne 

H With the A connection, the removal of one side of 

^hc mesh virtually converts the arrangement into a 

two-phase system having a common return carrj-ing 

the same amount of current as eadi of the other 
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two conductors^ instead of carrj'ing a current J2 
times greater, as would be the case with the n^ore 
usual two-phase system in which the ptiase angle is 

It is net Jiece^^sary that the primarj- windings 
.should be *:L*iirieLled up 'm\ a .similrir itianntr lii [he 
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secondary windings, htil if the primary i>i iLir 
connected and the secondary i connected, or 'vicu 
ve>'Sii, the ratios of the number of (urns in the 
primary and secondary coils will no long^er correspond 
with the transforming ratio as measured across the 
phases. 

The diagrams \n Fig. $$ will make this clear. 

Here the upper system of vectors indicates the 
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loutit aod dirizction of the pr<?ssures In the primarj 
coils, while the louver set of vectors indicates the 
presHUTcs on the secondfiry side. 

The left-hand comhiiiHtion rEfers to a star-coniiected 
primary and a delta-connected jjecondary, the ratio 

of Iransformation being; — ^, or -577 timss the ratio 

or turns ; while in the right-hand combination wt 
have a i-connected primary and a V-coniiecled 
secondary ; the transforming ratiu in IhiJi case being 
V 3, or I "732 times the r^itio of secondary to 
primiiry mrns. 

h is interesEJii^ to note thitt, in bulh these com- 
binations of windings, the secondary pressures us 
tn^Hsured between the three condnttors are not 
r8o deg-- out of phase a-ith the primary pressures 
|;is would be ihs case if the winding-^ were connected 
up similarly on hoth high-tension and low-tension 
sides), but differ in phase by a right ang-le, or 
go deg". 

(50) Eflcieacy of Transfomters.^The efllcieiicy 
of the alteniutin^-L-'urrent triuisformcr is verv hii^h ; 
iii actual value will depend^ to a certain evlem, upon 
the skill aiid knowledge of the designer, but more 
especially upon the amount of lyiaterial ui^ed in its 
construction. 

The efficiency should never be considered apart 
from first cost, or without reference to the efficiency 
as a whole of the system in conuei;tion with which 
the tranj^formers are to be used. 

It must also be borne in mind that the tempera- 
ture rise is no indication of the amount of power 
k)at in the transformer 1 a transformer which get:< 

srv hot may be more efficient than another which 
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kccpa comparalh-dy ct>oL Tenperalure rise 
only be considered wilh reference to the effect it 
may have upon iht^ materials uiied in the couslmc- 
tion of the transformer,- it U a question which 
concerns the manufacturer. 

The efficiency of a small rninsformer will neces- 
sarily be louver than that of a larger triin ^former. 
The maximum efficiency will generally be reached at 
ffom three-quarters to full load, ajid it Is importanl 
that all transformers on a g^ven system be arranged 
so that thd hours during which they supply a Itg-hf 
load ma) he a.s few us possible. 

As approximale figures for well - dosig-ncd trans- 
former^-, whether sirg-le or polyphase, '95 to '96 may 
be taken as ihe full -load eflieiency of a 3-fcw. 
trnn^former. while if the output i^ ti^n times as 
greai (say jo Icw.l. ih^ cffirieiicy would be from 
'97 to -gS at full load. 

(5r) Phase Trfmsformfttlon — ]ii the last 
chapter refereni;e Wri^ iniide lo the principle of 
replacing- the usual ihrcc-phase trianijle of pressure 
vectors by any three s/irr vectors radiating; from ;t 
common point O, and terminating at the vertices of 
the triangfle. 

Such a s3"slem of vectors will produce exactly the 
!^ame potential difference:^ between the three terminals 
JL3 the original me^h conneetiou vhieh it is desig^ned 
to replace. 

ScoU's Syslem. — The above principle has been made 
use of by Mr. C F, Scoit \v\ his ingenious arrange- 
merrt for changing from two to three phases by 
means of static transformers only. 

In KJgf. 56 the left-hand diagram shows Ihe usual 
three-phase triangle of vectors, which may be 



SCOTT!* SVSTBM OF PHASE THANSFORMATICIW. 



^57 



replaced by the three bettors O A, OB, a:iJ O C, 
all radiating: from the common point O. This point 
Mes on the centre of the line A C, and the line O B 
is, ihereforCf at ri^ht angles to A C. In this m*mntr 
Ihc thrco vectors A E, EC, and C A can be replaced 

exactly eqn;il and 




opposite, and a third vector O B having a phase 
difference of 90 dcg;, with cither of the other two- 

The rig-ht'hand diagram in Fig- 56 shows Ihe 
trjiiisformer iionueciinns. 

Two transformers are needed, with a connection 
from the end of one secondar}' to the centre point of 
the other secondar>. 

If the primaries of the transformers^ Tj and T„, are 
fed re.spei^tively by pha*,e 1. and phase II. of a two- 
phase supply having^ a phase ati^tc cif 90 de^-» the 
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pressures ^enerati^d in the Iransfomier secondaries. 
S, Hfid S^« uill 3]so be go d^g- out of ph^se. 1i is, 
therefore, merely necessary to ^o proportion the 
number of turns in the windings that the combma- 
lion of these E.M.F.'s will produce equal pressures 
between the pairs of tetminaU A B. B C, and C A. 
If the Irimsforming^ T3tio of tran*i.fi:irmer T^ is i ; i, 
ihe pressure measured across A C will he the ^srne 
ai the twO'phiUie supply presi^urc ; and if the ratio 
of turns m Transformer Tj u"ere atso i : i, the pri^s^aure 
O B (see left- han d diagram, Fig;, 56) would be equal 
in amouat t*> A C- This would not be correct ; the 
length of the vector O B i_s 

O F^ = B C sill Cio deg. 
= A C sin 60 de^. 
- A C X -366, 
and it follows that, if the ratio of primary to 
secondary turns 10 T, is 1:1, the ratio of turns in 
Ti must be i : "866 in order that the triangle ABC 
may he eqLiilateral. 

Exampie. — Let uk assume the two-phase pressure 
to be 2,000 volts, whiirh ft is desired to transform 
into three-phase at a pressure of 30,000 volts- 

Suppose the primary turns on traiisformers 1\ and 
T4J are 300 in each case; then, 011 each Mlf of the 
secondary winding" S,v, the required number of turns is 

200 V. 30,000 
2,000 
•= 1,500 
while the secondar) turnb on Tj inusl be 
200 X 30,000 
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S, = 



X '866 



2,000 

i.ftoo 
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Lunt s System. — The ?iy5tem or phase tratiBformatioii 
described above is reversible — that \s to saj-, it can 
be used, it' desired, for changing; from three to 
iH'o phase. 

Another method of effecting- this l^illcr transforma- 
tion i?i due to Mr. A, D, Lunt, The connections of 
ihe Itto transformers are sbowii in the left-hiind 
diag-ram of Fig-. 57, while the ri^ht-hand diagram 
t^hous thi_' vectors of the various mngnefw fluxes 
in tilt kiort^s of the transformers. 
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I Considering' first Che left-hand transformer, there 
ill be an equal number of turns in the windings A 
and B, producing; equal magnetic fluxes, O A and 
O B, difTering in phase by 120 deg- The restiltant 
^Jux through the central core will be O C 
^B With regard to the rig-ht-hand transformer, the 
number of Lunis in tht: toil D will be ^mitKer^ud in 
the coil E j^aaUr than in coils A or B, the actual 
number of tLims being- such as to produce magnetic 
tuxe^ in the core** D and E, of the second trans- 
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former, pr oporti onal to the lengths of the vectors 
O D and O E. These vectors must necessarily 
subtend a phase angle of 120 deg. ; but, owing to 
their fetigths being suitably proportioned, they will 
produce a resultant flux, O F, through the central 
core, F, exactly at right ang'les to the flux O C, in 
the core C of the first transformer. 

It follows that a two-phase supply can be taken 
from a couple of coils, having the same number of 
turns, wound on the central cores of the two 
transformers. 
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Power Trassmisslok by Polyphase Currents. 

(52) One of the chief advantages of polyphase 
currents is thai they make it possible to Lran:^niit 
eleiztric power to j,Teat distances. It is probable 
that, in the fiiturei the continued improvements 
heiiig made in the a ingle -phase alleniatiiig-- current 
motor with commulatorT will lead to power being 
tranimitfed to coii^iiderable distance?* by means of 
siuglc-phasc currents j but at present- — owing partly 
to tlie fact that ihi^ ,'i^in^le-phase induction motor is 
not self-^t^rtiiig, and partly to the greater efficiency 
of transmission with Ihree-phasc currents - the 
Tnajority of electric power schemes are carried out 
with three-phase currents. 

It is proposed^ howcwr, to consider in buccession 
single, two, and three phase transmission ; the 
former being de^t with somewhat fully, as a clear 
understanding; of the conditions to be dealt with in 
a single-phase scheme v.]U make the study of 
polyphase transmission comparatively easy. 

{^2) I-oBBes in TransmisaioiL — With high 
voltages, such as are necessary for the economical 
transmission of electric power to a distance, we have 
to consider^ not only the losses due to the heating 
of the conJuctors by the currciilj but alsti tlit power 
lost in the dielectric forming the insulation of the 
fables, or, in the more usual case af overhead lines, 
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Ihe Jischurgc at the surface of tlu conductcrs, and 
the waste of power in the air. This loss of power, 
which is due to dLseharg:es from the surface of Ihe 
ccnducU^rs, i-^ not — in the present state of our 
kaowWjre — e;isy to pretletermiTie ; bni it will be 
greater with high pressures, and conductors of small 
diameter ; it will :il&o depend larg-ely upon the wave 
form of iJie alternating E.M.F., and to a certain 
extent upon the Jistance between the cDrductors, 
and the frequency. It i;; true that exceptionally high 
pressures have to he applied before a visible dis- 
charge to the air takes place from the surface of 
the ccindnL:lur — prohiiHy h*?tween loo.ooo hiiJ 5fx>,ooo 
voltfi for a wire '5 in. diameter — but it does not 
follow ihat there is not an appreciable leakage 
taking place at very much lower pressures, especially 
in Ihe case of small wires. Jn addition to these 
two causes of power di'iMpation, we miiF^t not over- 
look the leakage over insulators on a long^ hii^h- 
tension aerial line ; but the amount of current which 
leaks to earlh, or between coiiJuclors, in this 
manner is very small on a carcl'ulU" - designed and 
well-con^tmcted line, und it is g-enerally permiss;ib!e 
to neglect it. The allowable loss of power in it 
transmission line is a matter of the greatest import- 
ance, and it ^il) be again referred lo after we have 
considered the various systems and arrangements of 
conductors ; but for the present a certain percentage 
loss in transmission will be assumed, apart from 
economioal considerations. 

(54) Choice of VoltA£G. — Generally speaking, the 

hig-her the pressure the more economical will be the 

transmission, bei-'ause, for a given total power, 

"<he current, iind» therefore, the xvcight of th^? con- 
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ducLor?.-. is reduced- But therii are, obviouhly, many 
coM>iJeratioo!4 which stand in the way of very high 
pressures beings used in all cases ; and each 
pfirl liTuIar scheine must be exa.mini!d from every 
piissihle poirit uf \iew before definilely deciding upcn 
the voltagfe to be adopted, in the lirat place, a 
smuU i^urri^m at a very higfh preisLire costs more to 
produce than d. larger current at a proportionately 
lower pre^^iire, either because the gerrerators them- 
selves will be more costly, or becituse step - up 
transformers will have to be used. If, however, the 
line losses would be ver}- considerable with the 
lar^'er currents, then it uiig^ht bi^ more economical 
to lay out capital in step-tip transformers, extra 
in*iulation of conductors, and siep-dowti transformers 
at the receiving: end, and so save copper lu the 
lines. In other ^ords, the most suitable voltag-e 
win depend v^ry largely upon the distanre to which 
the power has to be transmitted. Indeed, Mr. C. F, 
Scott has hug-geit^d as a roLigh-and-ready mle that 
the pressure in (hi^usands of volts should be taken 
!i^ equal to about one-third of the total distance lu 
mile*;. Thu^i^ a pre'ssnre of to, 000 volts would be 
Miilable for a 30-uiile transmission. 

It is doubtfui whether this rule would be applicable 
to the case of very \on^ transmissions, because the 
difiicultieii of dealing with very high pressures would 
be enormous. As an example : for a line 300 miles 
long" — which is by no means an unlikely distance to 
bt practically dealt with--the pressure, accordin^r to 
Mr, Scott's rule, would be 100.000 volti*. This is 
not an impossible pressure, althougrli 80,000 volts 
httve not been exceeded up to the present. At 
The same timf. ii Js verv urilikelv (hill* for dis- 
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(56] Cfmdnetor Imped&ncA. — Imagine a straighi 
leiigtii of cable *>f fairlj' large cross-section, ihrougl 
which a sUady continuous current is flowing. The 
lines of mag-nelic induction due 10 ihis current \\-il\ 

»tiot all pariS thrcu^K the noii-corLducELii|»:^ mediicm 
Burrounding Ihe conductor, but a certain number ot 
ihem — due 10 the current la the central portions of 
the cable — will pass through the substance of the 
conductor itself. In other words, th^ magnetic rtuK 
surrounding une of the central strands of the cabk 
iwill be greater Chan that which surrounds a strand 
jf equal length situated near the surface. It 
fol]o\%s thai, if the circuit be row brokeu, the 
current will die away more quickly near the surface 
the conductor than at fhe centre ; and, for the 
inic reason, on aK"iun closing the circLiit the current 
'ill spread from the surface inwards. 

If, Tiow^ we imagine the conductor to b>^ used for 

;onveying" an Jilternating- currealj it i^ evident that, 

filh a sufficiently high frequency (or even with a 

low frequency if the conduclor be of large cross- 

:ction) the current will not have time to penetrate 

the interior, hul will reside chiefly near the surfyci? 

■of the cable. This crowding of the current t(Jwa^d^ 

the outside portions of the conductor has the effect 

of apparently increasing its resistance ; >jnd it follows 

that, if C is the total current in the cable and r Ui 

^kchmic resistance, the power lost in watts would no 

^^loiiger be C* r, as would be the case if the current 

w'cre a steady one ; but C f\ where /-' — which stands 

*fcir the 'apparent resistance of the conductor — is 

' o-reater than r, its true resistance This effect has 

^bcen very carefully investigated by Lotd Kelvin and 

*^ithers, and it is from I he data obtained from their 
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resistance of ;i circular conductor due to the une^ 
di^tribudoii of the current, the square of ihe diameSii 
tniist vary inversely as the frequency, and for ihifl 
reas^Ei the product arva of conductitr x. /regnencjf has 
been taken for the ordinatca of the curv*: in Fig;. 58, 
while the ratio k, measured horizpnially. is the 
nimiber by ^vhich the true ohmic resistance lias to be 
multiplied in order to gfive us the apparent resistance. 
As an example, consider a copper conductor ^ in. in 
diameter^ and assume a frequency of 50. The 
product seciionii.! area x frt^quency works out at 
:jj'i, correiponding lu a mulliplier k= I "025. If. 
therefore, the ohmic resistance of the transmission 
line is r ohms per conductor, the power lo^E in 
overcoming the resistance will not be C^ x 2 r, but 
C- >: 2 y\ where r = r x ^'^-^- in this example the 
increased loss of power with >ilteniatiiig current is 
very 3mall> and had we taken the frequency- at 30 
instead of 50, which would not be exceptionally low 
for a power transmission scheme, the multiplier k 
would have bet^n almost neg-ligible ; but with higher 
frequencies i^nd large conductors the correction 
i^liould always be made. The values of k obtained 
from the curve (Fig. 58) are correct only if the 
conductor Js of copper. Tn obtain k for any other 
** non-mag-netic '' cylindrical conductor, the product of 
the sectional area and frequency must be multiplied 
by the tiitio 



coaductivLty of metal of conductor 
conductivity of copper 



before obtaining' the corresponding- value of k from 
the curve. If the condiictor i^ of iron (or other 
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'* mag-netic " material), the vakie of k may be itiuch 
g^rcatcr than the value read off the ■diagram. 

It is a not uncommon belief thai when aluminium 
conduclors are used iii place of copper there will be 
a greater increase of resistance to alternating 
currents than when the conductors are of copper, 
because of the greater diameter of wire required 
to grivc the same conductivity \ but the above 
inultiplying' raiio makes it clear thwt the percentage 
increase of losses with alternating currents of the 
same frequency will be independent of the material 
of the conductor (iron excepted), because the greater 
sectional area necessary to maintain the same ohmic 
resistance of the lines when a wire of lower con- 
ductivity is used is evidently exactly balanced by the 
hig-her specific resistance of the metal. 

(57) Effect of InductJve Load on Line Losses. — 
Let Ufi rilill assume the line lo be without stlf- 
induction or capacity, and see what is the effect on 
the line losses if the *'load'* at the distant end has 
a power factor less than unity, such as would be 
the case if the current is supplied to induction 
motors. Assuming" a lag^ cf 37 deg., which corre- 
sponds to a powef- factor [cos 37 deg-.) of about "8, 
the total current, to deliver the same power at the 
-same pressure, will be 1-25 times greater than if the 
power factor were unity \ and since, for the same 
loss of power ir» the line, the resistance muliiplied by 
Ihe square of the current must remain constant, it 
follows that the cross-section of the conductors must 
vary inversely as the sguare of the power fHCton 
Ihe proper correction bein^ made for increased 
conductor impedance if of sufficient importance- In 
the case under consideration^ the crosb-seaion would 
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have lt> be increased in the ratio of i to '64, whicb 
corresponds to an increase in wcig'ht of copper of 
over 50 per cent. It does not follow that it would 
be economical to increase the section to so great an 
extent, but the importance of a high power factor 
must not be overlooked. 
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In the vector diiigram (Fig. 59) O E' is the voltage 
at receiving end, and O C Ihe current, lagging behind 
E' by an iuigk &i Of is the less of pressure in the 
Jine [equal to s f x C, or to a ?■' x C if the correction 
for conductor impedance is made)» and O E — obtained 
by compounding E' and e — is the initial pressure at 
generating end. A study of this diagram leads lo 
the conclusions (i) that the power factor at the 
generating end U greater than at the receiviTig ^tA, 
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and (a) that, for a dcjitiiis pcrcertiagc C^ r hss in ihff 
Itne, the actual diflference be r ween the pressures at 
the two ends of the line (represented by the distance 
K rf| ni[l become it^ss as the Icfad becomes more 
inductive — £e., as B is lEicreased. If, on tht* other 
haEid, we let the losses in the line take cAre of 
themsel^'es — that is to say, if we con*>ider a line of 
definite, resistttncc reteiaing u definite total tiniouni 
of real pov^cr ai the generating end, and examine the 
effect of variable power factors, we shall find (3) that 
for comparatively small percentage losses in the line 
the actual difference, E d, between the pressures at 
fjeneraling- and receiving ends is pfcictically constant, 
and independent of the power factor. The dotted 
lines in Fig. 59 will make this clear. Assuming the 
initial pressure, O E, to remain constant, the point 
C of Che current vector, O C, must li& on the per- 
pendicular — p C to the line O E, whatever may be 
ihe power factor (since the power. £ C cos tti, is 
constant) '. this means that th^s point, E', of the 
vector representing the receiving ejid pressure must 
lie on the perpendicular d E' to the line O E, the 
triangles O C p and E E' rf being similar. More- 
over, since the lenglh of Ihe perpendicular, d E', or 
d E'l, 15 small in comparison with the length d, 
it differs verj' little from the arc of a circle described 
ihrou^h d from th e cen tre, O, and , therefore, the 
difference between O E and O E' is practically 
constant under the conditions stated above. 

(58) Effect of Taking into Aooount tbo Self- 
Indnctiaii of the Lines. — Since there must be a 
certain distance jicpariitin^ thii two wires forming the 
^o and return of the alternating-current transmission 
line, there must of necessity be an E.M.F. of self* 
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induction produced by the alternating magnetic flus 
in the space between the wires, which will he 
directly piopcirtloaal to the amount oF current in the 

line. 

In Fig-. 60, O E' is the pressure at receiving end, 
antl O C the current^ lagging- behind by an angle U^ 




F[<:. 6a. 



exactly a^ m Fig, 5L1 ; but nowj instead of merely 
considering the effect of the ohmic drop, O e, we 
must also take into account the back E.M.F- due 
to the ^elf-induction of the transn^isslon lines. This 
EpM.F, will lag" behind the current by a quarter of 
a period, and the \eclor, O L, has been drawn 
go deg;. in advance of the current to represent the 
component of the total pressure at generating end 
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necessary ro balance the E.M.F. of j^elf-inductioti. 
The total requisite initial pressure is evidenth' O E, 
obtai ned by i:tiinpLimiding' the forces O E', O f.. and 
O L. The dotted lines sho'ft' the effect of resistance 
drop combined with inductive drop for the same 
current iu the line, and the ^ame total amount 
of power transmitted^ when the power factor at 
receiving' end is Linity — i.e,, when = o.* A study 
of this diagram (Fig-, Go) leads to the following 
conclasions : 

(i) Tlie additional loss of pressure due to the ^elf- 
induction of the lines is of considerably greater 
importance on an inductive than on a non-inductive 
load. 

(a) For a given current and C^ r- loss in the Une, 
the difference in the power factors at the two ends is 
grreatest when the load is non-inductive. 

(3) On a partly inductive load there is a certain 
value of the selF-induction which, at a given 
frequency, will make the power factors at the two 
endii of the line equal — i.e,, it will bring O E, in 
Fig. Oo, to coincide with O E'. If the self-mduction 
is grcfiter than this particular value, the power 
factor at g^eneraling end will be less than at 
receivings end, and vice vetMi. 

(5g) Predetermination of IndnoUre I>r«p. — 

In The diagram Fig. 60 we have assumed the 

indu ctive pres.sure drop — represented by the vector 

0~E — to be known. In order to calculate it, we 

must know ihe coefHcient of self-induction of Lhe 

' This m'.'ihirtj nf riiawing iht iliagnn^s, which asstimfs lhe carreni 
cDnata.EEL ami Uit^ pr^^i'iure Viiciablc, Eo ci^mply with Ihc condjdan uf 
COMtUil pewT ^\- clJir^jcjiL [utvcr focLuiA 'a abincumrs cun^ciiicnlf 
Iml (he cDElatruclion can readily 1m: modified to suit [he ccj^ditioa 
ti a detinitc mitii] pressui'd. 
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circuit formed by the go ard return wires. This 
will depend not only upon the distance separating 
the wires, but also upon Lheir diameter. The 
greater the distance between wires, and the smaller 
their diameter, the larger will be the amount nf 
mag-nctic flux produced by the passag^c of unit 
current. 

Tht curve tlrawn in Fig, 6i is plotted from figures 
published by Measrsp Houaton and Kcnnelly in an 
article which appeared in the Electrical World a few 
years ago- It gives the coefficient of self-induction 
per mile of jiH^f/i' condnctor '4 in. diameter in milli- 
henrys.* If the diameter of the wire is not -4 in., 
the coefficient of self-induction must be read ofif the 
curve, not to correspond with the actual distance, a^ 
between the wires, but for an imag-inary distance. 
<2', such that 

a = a -x ^, 
a 

where d = the actual diameter of the wire, in mches. 
The well-known formula for the E.MiF- of self- 



*The cfllculaiinn*: ate hasetl on (he AMiimption of an ev. 
dlMribation of cuttcnt througliOLl Lht section uf Ihe wire, ^ch as 
would occur if corliimoiifl cnncnis wtrc trnnsmittcd ; hul when ihc 
applicii E.M-F. h a mpidly nhcrriatin^ onC| ihe cmrenL doc^ nr»r 
ulUi&e ihd fi^Titral porlion£ uf ih^ cundiiclor lu the £aiui- e.\ti?n|, Q.nd 
fl^lhaiig'h (lie fluv of inrim^TJan au/iiiff Ihe bounding snrfifce of ihe 
conducior will be ihe same a^i beforpn ihe lines ^ich pass ihToiigh 
the <i|3m:? occuiicd by itie nialeiiiil uf (lie conductcu' are nuss flower 
ih&n in the tirat in sinner. The rtsull 1:5 ihnt, in ihc caae d" 
compmnLtivtly high frcquendi^s, ihc inures ohtnin^d from the cnrvc 
will load to n calculated ]rLducth'i> diop FCimewhat hr'^her ihan 
would acmnlly [je ohiained. It 15, hou-evtr, usually uhntc&fiiry lo. 
apply any correction on ihis account, seeing ihat [he wave form of 
the Hllcmiidtig^ current umnut be exactly prcdcicnninL-d* and tha 
mull;) of calculAlJoo are, at the lesl, liul a more ot LtAa cInsE 
opprojdmation to the results obiainrd in actual worluog. 
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induction {see NoU 2, at end of bcok), im tht 
axstimp/iOK of the 'a^%'e fortes being sine curves^ is 

c — 2 r // L C, 
where n = the periodicity ; 

L — the coefficient of self- induct ion in hcDrjs ; 
C » the current in amperes. 
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^nd we are n ow i n a po£;ition lo calculate the value 
of the vector O L in Fig'. 60. 

£xampk. — Consider a.ti overhead transiriLteion line 
delivering a total power of 1.000 kw. a distance of 
SO miles with a pressiure of 20,000 voJts at a 
periodicity of 25, The current (If we suppose the 
power faetor to be umtj') will be 50 amperest and 
we shall assume the conductors to be "36 in, in 
diameter, separated by a distance of 3 ft» la the 
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firsl place, the correction to be madie for the 
diameter of wire, before referring to the cui've 
Fig-, 6i, g^ives us 

fl' — 36 5< — ^ = 40 \a., 

andj taking this tig'ure as the distance between 
wires, instead of the actual distance of 3^ in., we 
find the coefficient of self-induction per mile of single 
conductor to be 179 millihenrys, which makes the 
probable value of L for Ihe line 

L _ '-yg ^ $<''< = _ ..„ hcnrys, 

I,OGO 

nod, on the assumption of the current wave being a 
sine curve* the CKpression a — z r nh C becomes 

I' = 2 X 31416 X 25 X 'ijg X 50 = 1,410 volts, 



which gives us the length of the vector O L in 
Fig. 60 for the particular case considered and under 
Ihe condition of full load. This is not a large 
percentage of the total pressure, and, moreover, the 
effect of this inductive drop on the pressure regula- 
tion IS considerably less than if it were in phase 
with the supply pressure ; but with lar^c currents, 
high frequencies, and low power factors, the loss of 
volts due to the self- Inductiou of the lines ma> 
become a \cry serious mottern 

f6o] Capacity of TranBmiBsion Lines. — In the 
case of a concentric or other underground cable 
con\^eying alternating currents^ the capacity' effects 
may be I'er)' great. A large capacity is generally 
objectionable in practical working, although the 
effects of capacity tend to balance those of self- 




induction! and so bring the power factor nearer to 
unity. If K is the capacity in microfarads of any 
system of two conductors, n the frequency, and E 
the potential difference between the conductors, then 
the cfiargin^ atrrtJit — J>., the alternating current 
which win pass between them irrespeclive of the 




load at the distant end — will be (^ee article 25^ 
Chapt&r ir.r p 55). 

C = 2tmK.E -^ 1,000^000, 

on the assuTiipiion i/ial tlie ivave /Qnn of £he E-M.F. 
is a sine cane. This current is in quadrature with 
the E.M.F_, being go deg-. in n-^imnce of the applied 
potential difference, or 90 deg-. behind the condenser 
E.M.F. [c^ as shown in Fig". 6a. 
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The above formula enables us to calculate the 

capacity current wllbotit any difficulty, on Ihe 

assumptian of Ihe E,M,F, following- the simple 

armonic law of variation, provided the capacity, K, 

an be correctly predclennined, or ascertained bj 

actua] measurement ; but when we come to consider 

the various; wave forms found in actual practice, it 

is uot possible to calculate the capacity current with 

ny degree of accuracy. Tho sine curve \^'ave will 

e found lo g'lve the !»maUest condenser current of 

any possible wave form, and the most intricate 

mathematical methods will not enable ua to accurately 

predetermine the capacity effects due to alternating" 

currents of irregular or unsymmetrical wave forms. 

The two diagrams (Fi^js, 63 and 64), reproduced 
by kind permission of Mr, A, Whalley, of the British 
Insulated and Helsby Cables, Limited, show the 
extraordinary distortion of the wave forms due to 
the introduction of capacity in the circuit of an 
alternator which does not, under all coridilions of 
load, give a difference of potential at the terminals 
following the simple harmonic law of variation. 

lo P'ig, 63, V is the pressure and A the current 
when the alternator is supplying 29*5 amperes at 
3,040 volts to a transformer on a nearly non- 
inductive load, whereas Fig. 64 shows the altered 
pressure curve and the resulting chatg-ing: current 
when the same alternator ia supplying" a current of 
6-04 amperes at 1,980 volts between the two con- 
ductors of an insulated cable having a capacity of 
4'9 microfarads. It ia interesting' to observe how 
the smallest ripple in the original curve may become 
distorted and magnified. The fact that the maximum 
yaJues of the E,M,F, (and, therefore, of the charge) 
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invariably occur at the instant when the current is 
chadg-iiig^ its direction, should also be noted. (See 
Chapter [L, article 25, and Fig-. 6j. ) 

In the case of overhead lines, the capacity effects 
are generally small, and sometimes Qeg;Iig:ible. The 
calculation of the capacities between wireSj even 
when symmetncally arrring-ed, appears to offer con- 

I fliderabie difficulties to mathematicians, but the 

^formula 

iplies to the case of a singfle-phase ovechead line,^ 
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Here K = the capacity per mile of circuit in micro- 
farads ; 
d = the diitance between wires ; 
r = the radius of the wires. 

(6t) Vector Diafrram of Sinflo-Phaso Tranfi- 
naiflflion Line, taking iuto aocoiuit Resistance, 
Solf-Indaction, and Capacity. — In Fig:. 65, the 
generator is shown supplying the total current, C, 
at the initial pressure, E, through the transmission 
lines to the distant end, where the load is supposeJ 
to be partly inductive. The current dehvered at the 

• Mr_ Ci- il. Kmllir in Ihe S/f^'/ruint. Aug. K, ir^oj. 
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vnd of the Lio^ is C, and the pressure E' ; the 
coefficient of self-inductton of the transmission Hues 
L!^ 3 L, a.nd their re*^i:^tuncc 2 r. It will be ooticcd 
that the whole of the capacity is shown as being 
c o [ice n1 rated at the end of the line. This assumption 
leads to a calculated capacity current t^omewhat in 
excess of what would be obtained with the same 
total capacity distributed along; the line* bot it 
simplifies the vector diagram. A closet approxima- 
tion to actual conditioLis would be obtained by 
supposing the capacity to be concentrated at the 
centre of the line (or, perhaps, rather nearer the 
receiving- than the transmitting end) ; or if still 
g^reater* accuracy be required, no difficulty need be 
experienced in drawing the diagram on the supposi- 
tion that the capacity 13 due to two or more smaller 
condensers connected between the lines at different 
points. But it luuai be remembcrcJ that it i^ not 
possible to calculate the capacity current on a long^ 
transmission line writh any great degree of accuracy, 
because it will depend largely upon the E.M.F. wave 
form, which, even if known under certain specified 
conditions, will generally vary considerably with 
alterations in the load. The capacity of a system of 
overhead conductors will also depend somewhat upon 
the Slate of the atmosphere. 

Assuming, then, for the sake of greater simplicity 
of construction that the total capacity, K, of the line 
is concentrated at the distant end, we may proceed 
to draw the vector diagfram Fign 66. Here O E' and 
O C represent, respectively, the potential difference 
and the current at the distant end of the line* the 
two vectors being drawn with an angle d between 
tbem, such that cos 9 is equal to the assumed power 
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factor of the load. Referring to Fig. 65, it will be 
seen that a condenser, of capacity K, is supposed to 
connect the wires ar the distant end; the impressed 
volts at condenser terminals are therefore E'» and the 
vector for the condenser current {equal to 2 ir h K K\ 
on the assumption of the sine i^urve wave form) must 
be drawn 90 dcg- in advance of O E'. It is repre- 
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scnCed by O C* in Fig. 66. The total current 
supplied to the line at the generatcvr end will be 
O C. obtained by compounding O C and O Ct, 
With reg-ard to the ti.M,F, at generator end» 
this is the resultaur of three component? — namely i 
O E', the pressure available at receiving end ; E' a 
{drawn parallel to O C and equal to C Jf a ^|, to 
represent the drop due to resisl^nce; and ii E (drawn 
at Tight angles to O C and equal to 2 rnr >iC x a L)^ 



184 



rOWEiR XRANSMISSIOS. 



to represeot the pressxtre required to balance thi* 
E.M.F- of self-taductioa. This gives us O E as the 

necessary pressure At g'cncratlng end. 

The CL-*ncIusions to be drawn from this diagrain 
[which takes both self-induction and capacity intci 
account f are as follows: 

(i) On an inductive load the current, C, put into 
the line at th< generating end may be &rj than the 
current, C, at receiving end. 

(2) The total curreDt, C (under the condition of 
a partly inductive load), comes more and more nearly 
in phase with the E,M-F. as the capacity current 
Increases up to a certain limit depending upon the 
power factor of the load. Thus, if the capacity 
current were equal to O S instead of O Cji, the total 
current — as indicated by the chain dotted lines in 
Fig* 66 — would be in phase with E". This illustrates 
the effect of capacity supplying' the magnetising 
current of the inductive apparatus constituting the 
load, and so improving the power factor, 

[3) The effect of capacity (always on the assumption 
of a low power factor), bj' reducing the current in 
the linej is also to diminish the C- r losses, or to 
permit of a smaller section of conductor being used- 
It must net be forgotten that these conclusions are 

derived from a diagram which represents the condi- 
tions under full load, or when the totaJ current is 
large in comparison with the charging current ; and, 
in considering^ the question of power losses, we must 
not overlook the fact that, a^ li^^hi loads, the 
charging current may be the cause of increasgd C* r 
losses. In other words, on a low had factor (what- 
ever may be the power factor, but more especially 
when the power factor is hig-h), a large capacity 
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current may not he a.11 unmixed blessing, even when 
vicA-cd solely from the point of view of its effect on 
the line (osines. A^ a matter of facl, the chsrg-ing; 
curreiit on overheaU line:* \s generally small. Let us 
lake as mi example the same data as served us to 
iltn?;Eraie The effects of *;elf-induction — Chat is to say: 

The pressure E'— ao^noo volts. 
The frequency » — 35. 
The lenfifth of the line — 50 miles. 
Tha diameter of conductors = "36 in. 
Their distance apart = 3 ft. 

Using the formula given above for the capacity of 
an overhead linCf we have 



capacity in microfarads per mile = 



'0194 



log 36/-18 
= '00843, 

which gives us for the total capacity. 

K = 50 X 00843 

™ "4315 microftiriids. 
The capacity current will be 

Cj( = 2 TT X 25 X '42T5 X 30,000 X io~* 

= i"3 amperes, 

which is JL very .small percentag-c of the total current' 
(a^iiumed to be about 50 amperes). At the same 
time, we ha\e only to suppose an Iricrea^^e in the 
length of line from 50 to 200 mile,';, with a corre- 
spondingly higher pressure of, siiy, 50,000 volts, 
and imagine the frequency to he 50 instead of 25, 
in order to obtain a. calculated capacity current of 
2fi amperes, which is by no means negligible. 

It will be understood that where insulated cables 
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are used (only possible far lower pressure and 
shorter distances), the capacity current may be frain 
iwenty to thirty times a!4 great as in the csiie of an 
equivalent overhead transmission, and, moreover, tbc 
dielectric losses may become important. 

{G2) Ride of Pressure at tbe Dlsto-nt End of 
& Lonp Tronamissioii Line. — A :ili^ht modificaticn 
of the diagram Fig-- 66 will clearly show the welU 
kaowii effect of a rise of pressure occurring at the 
far end of a lino epA^fl i/ie load is very stnail, 
provided also that bo/h self-ivdnciiifn and capacity are 
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presenL Wc shall still suppose the airangemeiit to 
be as shown in Fig- 65, with the one exceptiori 
that llie trantrformer and load at the receiving end 
ure entirely disconnected. We shall also suppo^se 
the capacity and self-induction to be greater than in 
the previous example» so as to magnify- the effect- 
Draw O E' in Fig. 67 to represent the pressure at 
the distant end ; then O C^ (at right angles to 
O E' — in the forward direction — and equal to 
2 »r 7i K E) is the capacity current which^ under 
the condition of open circuit at distant end, is 
also the total current flowing in the Avires. AVe 
now proceed with the construction exactly as in 
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Tig. 66, making E' u (in phase with he current) 
liqual to C* X 2 ^T iifi*! i^ i^^ (^^^ "ftht angles !o_tbe 
current) equal to 2 r « x C^ x 2 L. The vector O E, 
which, it will be seeiit is smal/er than O E', is the 
necessaty pressure at generating end. It will be 
noted Ihat. if sflf-in due lion were absent, iht pressure 
at s"encrating end would be O a. which is practically 
equal m len^h to O E' ; but, since The E.M.F. of 
self-iaJuction, O L (for this particular slate of 
things), is in pfutse 'with E^ it standi: to reason that 
the necessary pressure at generating- end will be 
r.ilticed accordingly 

Rises of pressure at the end tif long underground 
feeders are by no means iintiommon, :d.nd they may 
also occur on long-distance overhead lines, Indeed, 
a rise of S per cent, has been observed on a 4o-mils 
25,000-volt line when the circuit was open at Ihe 
distant end. Lt should, be mentioned that the 
pressure rises due to the combined effects of capacity 
and self-inductioLi arc often greater in practice than 
would be indicated by ths construction of a diagram 
such as Fig. 67. But this diagram ii based en the 
assumption of the E.M.F. wave being a sine curve, 
and the abnormal effects sometimes met with in 
practice arc iilmost invHnabfy due 10 peaked 
or irregular wave forms. The^e may lead to 
enormously increased capacity effects, which, unfor- 
tunately, cannot be predetermined with any degree 
of accuracy. The writer docs not see that there 
can be any insurmountable difBcutties in the wav 
of designing alieraators to give E,M. F. waves 
appro XI mating to sine curves ; careful attention to 
the arrangement and shape of the pole-pieces should 
lead t:^ the desired resulti^. That such a wai^e form 



i» desirable In nearly all cases thero can be little 
dt>Liht, y&t few munufaclurers of alteriiating'-curTenl 
generators appear tj have g-iven special considera- 
tion to the matter. The essentia! point to bear in 
tnind is not that the wave shc>ulci exactly caiodde 
with the iheoreticaT sine curve, hui that, espei-ially 
cti often rirc!ti7f it should be free from ripples pr 
peaks. 

Willi regard tu trlevirkiU resoimttce, this is 
generally supposed to be rei^ponsible for nearly all 
imlooked for ^nd, at fir^it sight, unaccouniahle 
capacity troubles ; but csacth" what they mean by 
resc^nance, few, if any, eieclrioal engineers are able 
lo explain. There are, no doubt, certain acientists 
and mathematicians who have a clear understanding 
of the causes which lead to resonance effects; but 
they have nut yet succeeded in expressing these 
ideas in popular language. The writer preferSj if 
possible, to avoid any reference to electrical 
resonance, because of the indefinite if not erroneous 
ideas which the expression sugfjests. It would, 
however, seem as if every Iransmissiori line had a 
certain natural period of wave oscillation^ with the 
result that, when the periodicity of the supply 
synchronises MTih il, ;ihnorm^l pressure rises may 
occur. This synchronism might occur not only with 
a definite alternator speed, but also throug-h ripples 
or irregularities in the wa.ve form; and this is an 
additional reason why machines giving sine curve 
waves under aJ] conditions of load would seem to 
be the ideal generators for the pui'pose of power 
transniission- 

(63) Transmiasioit t>y Two-Phase Curroats.^ 
Let us first assume, as when considering- single-phase 
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transmission, dial not only the 1o^ at the distant 
end. but also I be transmission tine, are witbo\it 
self-induction or capacity. 

If we run four conductors as indicated In Fi^. 68<, 
keeping the two phases, entirely separate, the 
arrang^tment resolves itself Into the transmission of 
ti*'o distinct f ingle-phase currents ; and if ihe load is 
equal on both sections, the total power Ir^nsmiited 
■ill be 

W = 2 E « C 



. 







•^. 
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U'hcrc E = the terminal piessurc of each section and 
C « the current in each section. 

The pressure lost in transmission will be 2 r x C, 
where ^ is the resistance of n single conductor; and 
the necessary weight of copper in the conductor, for 
a g-iven pressure drop (or loss of power) Anil be ihc 
same an for a single-phase transmission scheme- It 
IS, hDwever, evident that, by combining* twQ of the 
conductors to form a common return, the trajia- 
misf^ion of two-pb;ise currents can be effected with 
only three wires, as shown in Fig. 69, 

The vector diag;r.im for such a system of IranK- 
mi«sion is very simple if top cein nssttmt.' tht resist* 
ance, r, 0/ the comrftan coudurtor (o be ttvgligihk^ nnd 



il has bct-n drauii in Fig- 70. Here the pha^^e 
difference of a quarter pi^riod between the two 
E.M.F.'s ia rcprc-scned by E, being drawn go dsg, 
in advance oT Iv,„ and since the circulu are 
balanced — t'.e., since the loud is the same t*ii both 
phases — wc mav ivritc 

'-I '-S 7T"K ^TR 

and a;^ we are not taking into account cither 
capacity or self-induction, the two currents will be 
in phase with the respective E,M.F,'s, and ihe 




c. 
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return current in the common conductor will be 
4-5 *^^S' ^^ advance of £« and 45 de^^ behind E, ! 
its %'alue (owing tii O C being the hypothenuse of 
a right-angled triangle) will be V2 times C^ or C^ 

We shall now see how the problem is somewhat 
complicated as soon as the common return conductor 
has appreciable resistance. 

For the purpose of drawing the diagram Fig-. 71, 
we may suppose the E. M,F. '^, Ej and Ej, at 
^etieraling end, to be the same as in the previous 
diagram ; but the pressure drop will be greater^ 
owing to ihe resistance of ihe common return ; 
acid — for the sake of exagg-c rating- the alteration in 
the diagram — we shall assume this drop (In the 



THAXS MISSION nV TWO-PHASE CLKHE\TS, 



half 



191 

the 



middle wire alone) to b£ as much as 
impressed voltage — (".p., J Ej or J E^. 

Otving- Co tbe load beinff balanced, and The connec- 
IBons symmelflcal, the fact thai the middle conductor 
has appreciable resistance will not alter the phase rela- 
tion of the total current, which will still be midway 




JetWe^n the two E.M.F.'s, as in Fig;, 70; and jsiiicc 
the component of the E.M.F, required to overcome 
the resi«iani:i*, r\ of the middle conductor must be 
ill phase with this total current, we may draw O Ajj 
to represent this component in jjuc h a d irection as 
tn make :in angle of 45 deg. with O H^ and O E.,, 
and of a. length cqnal to one-half of either of these 
vectors. 

Again, on account of the symmetry of the arrange- 



POWER TaANh MISS low. 



nieiits, lialf cf this ccniponent of the necessary total 
E-M.Ft may be conMClcrcd as bciiig* providi^d by E^, 
iind half hy E^. We mtist^ therefore hii^ect D */.^ 
(It w. and complete ihe parallelograms O m E^ ti^ 
and O w Hg_^y. which will give uk the E. M, F. 
components O a^ and O u^- These are evidently the 
compoiii:nls of the tot^l t].M,F,'Sj E^ iind E^, which 
are necessary to overcome the re^ilstance* r, of the 
outer conductor aud R of the load, and send 
the two separate currents through this portion of the 
circuit before they unite to flow back through the 
comnjoii conductor {see Fig', 69). The currents Cj 
and C2 musti of course, be drawu in phase with f;^ 
and i/j respectively. As to the magnitude of thest' 
currents, this wiU depend upon the value of r + R ; 
but, on the assumption of a given ptKtier to be 
transmitted — equal, let 05 say, to the power 
transmitted in the arrange ment^ to which Fig-. 70 
applies — the projections of O C] a nd O Cj on the 
corresponding: E-M.F. vecttirs, O E, and O E^, must 
have a definite value. Jf the point p in Fig. 7^ 
corresiponds to the point C^ of Fig. 70, we havi' 
merely to erect the perpendicuiar jJ Cj to O E^^ ^nd 
the point C-, where it meets O tfj, gives us the 
vector O C^, represt^nling the current m the oiiier 
conductors corresponding to the particular amount 
of potiJfr which each phase has to transmit. (The 
vector O C, is obtained in a similar manner, being 
equal to O C„, in the case of a balanced load such 
as we are considering,) 

The total current (Ci + C^) is obtained by com- 

-'^-'nding C] and Cj, and is represented b>' the vector 

iind we now have all the necessary particulars 

1e us to calculate the required section (or 
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stance) of the lines for a given loss cf power in 
transmission. (It shtinld ni:it be necessary tti point 
out that the resistance, r\ of the common conductor 
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The importanl ccnchision lo be drawn from Ihe 
diag^ram Fig'. 71 is that the arrangement of a two- 
phcise transmission line with a common return 
condnt'tor, although it effects a certain saving- in ihe 
necessaij woight of copper, leads to an I'/ifr^tise i)f 
the phase angle between Uw lit'o atrrenls. It is true 
that the di-^pliicement is somewhat exaggerated in 
the diagram, which is based on the Eir^sumption of 
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an abnormally large resistance Jrop, aviJ^ in jittual 
r>racticci the angles 4> — with a reasonable C^ r loss, and 
the same current density in Ihe three wires — would 
probably never exceed 5 deg.] ihat is [id say, the 
phase difference bctsvecn the cvirrcnls^ nl times of 
full load, might be 100 dtg". instead of go deg. 
\s a matter oF fact, long-distance tranSTnii>:*ion by 
two-phase currents is usually carried out by Four 
Wires, partly because csf the nhove i^bj^ction to the 
i;ommoii conductor, but also because there are certain 
advantages in keeping the two phases entirely dU- 
tincl- We may, ihtrefore, save ourselves the trouMe 
of constructing further diag-rams, on the line^ of 
Fig. 71, but ver}" much more intricate in appearance, 
which would take intg account the efiects of self- 
Luduction and capacity. 

r!v'i?r)'thing; thai ha.s been said in cannectJGii with 
single - phase Irausmiisiun being applicable to the 
case of two-phase transmission with four wires, there 
is very little more to be added. It is true thai, in 
addition to the self - Induction of the lines, each 
circuit will have a certain inductive efleot upon the 
other, especially whtu (as is usually the case) tbe 
two circuits ate supported by the same set of poles. 
Hut with a reasonable distance between the wires 
of the two cifCLiitSi the efTects of mutual induction, 
even on a lon;^ line, are neg'lig'ible* !f necessary, it 
would be easy 10 cross the wires of one of the 
circuits at the middle point of the line, which \vould 
practically eliminale these effects. 

[G.\} Self-induction of Two-Phase Line iftitli 
Common Etetuni. — As the calculation of the sfi/- 
uiducito/i of n two-phase line with common return 
mav present som^ difficulties, it is proposed to deal 
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briefly with this question before p^tssiti^ on to the 
subject of thrcc-phasc transmission. 

^n order to simplify the diagram, we j^hiill make 
tliif assumption that tht^ middle ci^nductor '\s without 
resistaoce, but that the whole of the le&istatice of 
the line is divided eqLmlly between the tw^o outer 
conductors. 
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lit Fig, 72, O E', and O E\ are the pressuress at 
the distant or receiving end of the hne : there is an 
angle of 90 deg. between these vectors, to represent 
Ihe pha^e dtflVreoce of a quarter period- The two 
currents* C^ and C^^ which will flow in the outtjr 
wires are shown Iag"ging behind their respective 
pressures by an angles ^, depending upon the power 
facto*" of lbs load- The dotted vector, O C, g^ives tis 
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ihe ma^uitude and pliase of the reiiultant current in 
ihc common middlt ccndiictorf of which the resist- 
ance is supposed to be ncglig^ible. The drop of 
pressure due to the resistance of the outer conductor 
conveving the current Cj will be O c ; but, us 
regards the drop due to self-induclion, Ihis may be 
considered as the resultant of two E.M.F.'st Ihc 
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firstj O M, calculated on the aEsumption that the 
Total magnetism in Ihe loop is due to C^, and the 
second, N, calculated on the assumption Ihal 
the total mag-netism in the loop is due to the 
current, C» in the common conductor. Each com- 
ponent E.M.F. must evidently be drawn 90 deg^ 
behind the current to which it owes its origin, and 
hy compounding these we g^et O P as the total 
E.M.F. of self-induction. We are now in a position 
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Lo draw the vector O E^t representing the pressure 
at the peiieratiug- end of the lui£. It is obtained by 
jidding' to O E'.. the three forces— E'jA, equal to O^'; 
A B, equal but opposite to O M ; and B E^, equal 
but opposite to O N. The vector, O Ej, for the other 
phase is obtained in a similar jna.iiner. 

With reg-ard to the actual calculation of the leng*ths 
O M and O N, it will be remembered that the curve 
Fig. fii. reproduced on preceding^ pag^e for ccnvemeiice» 
gives us the coefficient of sclf-mductlon per miJe of 
single conductor. The advaotag'e of this will now be 
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apparent, a.^ we ha%'e merely to calculate theE,M.F.'y 
on the supposition that ea^^h wire forminff the loop 
is producing a niag'aetLc held Independently of the 
other; bearing in mind that the E.M,F- component 
O M is dite Lo the current. C,i in one of the wires, 
vk'hile ON is due to a current equal to C^ x V2 
in [he other wire; these two E. M.F.'s; being com- 
pounded in the usual way as indiciited in Fig:. 7^. 

(G5) TraixBTmBslon \>y Throe-Pbase Alternating- 
Currents. — We shall a^aln assume, in the first 
instauce, that the line is without self-induction or 
capacity. If we were to run six separate conductors — 
i.i- , two for tacli phase — we should mtrely be 



transmit ting- three Independent single-phase currents, 
the arrangement being as shown in Fig*, 73 1 and if 

f ■= the potentinl difference at the terminals of each 

circuit ; 
C = the current in each wire ; 
r = the resistance of each wire ; 
R = Che resistance of the "load " on each phase, 
then the total power transmitted would be 



or. 



W = 3 (<^ X C), 

W = 3 X C^ X (R + :: /-■ 
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The pressure lost in transmission would be ar >c C, 
and the total power lo5t in the luies would be 
3 *< C' t< 2r^ 

Let MS now see what is the effect of providiny: 
a common return For these three circuits. The 
arrangfemcnt is shown in Fig-. 74. 

The pressure al generating- end between the three 
terminals of the alternator and the common return, 
or neutral pointi is still e volts, and the total power 
tran*imitted is still W = 3 (^ >; C); but, owing to the 
fact that the sum of the three oulg-oing currents is 
sero (seeing that they differ in phase b>' tio deg., a<i 
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shcfR'n in Fig. 75, and that any one cvirreni, soch iiS 
OjB, is e>cactly Equal and opposite to the resulianl 
of the other two currents), there will be no current 
flowing in the i^ommon return conductor^ and both 
pressure drop and C r losses in lines are, therefore, 
reduced to one-half of what they were with the 
arrangement of three separate circuits ; the power 
loss in the lines being now 3 C^ r, This clearly 
shows how the transmission by three-phase currents 
IS more economical as reg'ards Hue losses thaji 
sing-le-phasc transmission- But it must not be over^ 
looked that, in k>rder to obtain a reduction by half 





of the weight of copper in lh(3 !ine«, the pressure 
between wires is yfreater on the three-phase system 
than on a single-phase system transniLttiiig the same 
power. Thus, The pressure, E (Fig. 74)^ between any 
two of the three transmission wires is equal to 
tf K J 3i as shown by the diagram Fig. 76, Here 
The K.M.F.'s in the three sections of the alternator 
windings are represented by O A, O B, and O C ; 
.and since the E.M.F,, E, between any two terminals, 
such as B and C (Fig. 74) is the resullant of the 
E.M,F,'s acting in the two windin^a O B and O C 
connected ui series, we must subtract one of these 
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(O C) from Ihe other (O B). TbLij. ihe resultant, 
0~^ (Fig- T^)" is obtained by a dttin^ to the vet:ior 
6^ an im agina ry vector, O C , exactly equal but 
opposile to O C Thus resultant is evidently equal 
ax\d parallel Ko Ehe lin a> C B, joining' the ends oF Lhe 
two x'ectors 0_B and O C, and il can be shown to 
be eKatlly 4/3 limes greater than either of these 
vectors. We mayi therefore* write 

E = 1 732 e. 

The pi/ah*r of a three-phase circuit, whifh is equal 
to three times i- x C, can evidently also be wriiien 



W 



(J.-) 



^3 

or, W = ^ 3 E X C, 

where E is the pressure between any t\vo of the 
three wires. 

In coTTiparingf Ihree-phase \\iih sing:3e-phase trans- 
mission (fn tJic hosts of ihc Sit/iU} niaxi'mnm poicnttal 
difference b^i'uscen loire^^ we have, for the total throe- 
phatiC power 




for 



equal power 

W= E X 
Let r = tiie resistance of 



E X C, 

single-phase, would 



be 



which, 

vritlen 

^3 C|. 

each conductor oil the 
three-phase system, and 
r^ ■» the resiiiirance of ench conductor on the 
Hing-le-phase sy:5ttm, 

then tteight of copper, siagie phase it 2 x — 



*ard 'wei^hi of copper^ ihrrc phase 



flc 3 X 1 
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and tho ratio ^^^1 


^ weight of copper^ single phase ^^^| 
1 weigfht of copper, three phase ^^^| 


may be wntten ^^^H 


'\ ■ 


> 


^\ 1 


■ 


V\-,. 1 


ly^' 1 


r ■ 


77' ^H 


But fcir equal line losses we have ^^^H 


= 2(^3 Cj'^'i ^H 


which gives us r = 'z r^. ^^^| 


' Hence the relative weights of copper are as 4 : j, 1 


showing; a saving of 25 per cent, in favour of tht? 1 


three-phiia system. H 


(66) EfFect of Inductive load on Lme Losses 1 


We ^hali still neg-lect the capacity and self-inductioa 1 


^J 
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of the lincs» but briefly consider the effect of an 
inductive load on the vector diag^rams- 

In Fig. 77, ihe diagram has been drawn for the 
condition of a power factor of unity. 




Fig, 78. 



Here O A, OB, and O C are the three current 
vectors. 
" The potential difference between wires is 

ah" be = c a ^ Ep 

E 
The length Oa- OA«Oc-e^-TT 
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The tiital pijwer Js ; 

W = ^3 K « C 
= S e ^ C 
- 3(0A >: O^) 

In Fig. 78, the Uiagraru lias heen drawn for iiu 
inductive load. 

Here there is a certain tliipliici^ment of the current 
phases reiativeTy to the E,M,F, phages. It will be 
noticed that the vertices of the E.M.V. triiioj^lc no 
longer \\g cin the current lines as in the previous 
diagram. The three current vectors still make the 
same angle of 120 de^, WEth each other, but they 
haVtf been moved bothly romid (in the direction of 
retardation) ihroug-h an ang-lc &. The total power i.'i, 
evidently, no iong^er equal to three times O A *; O ^^ 
but to 3 O A' X a, where O A' is the projectioa of 
O A on a; and co5 & is the power Factor of the 
three-phase eircoit. 

It was i^Kplaiiied in cijiintclion with .■^ingle-pha&e 
currents that, For a given total power to be trans- 
mitted at ji defiaite pressure, the weight of the 
conductors — If the C' r losses arc to remain conatant^ 
must varj' inversely as the square of the power factor. 
This rule tiecessarily applies equally tu the case of 
three-phase transmission. Thus, in Fig. 78, the 

power factor (cos $) is expressed b^' the ratio ~^ ; 

but* if the pifmer and pfi^ssnrc are constant, the lenfi*th 
O A' will not alter^ whatever may be the power 
fector- Hence O A (the current in any one of the 
wires) will vary inversely as the power factor, and — 
for a giver loss in the line — the cross-section of the 
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conductor niiijit vary -i.s the square of ihfi current. 
(',t'-, iftvcse/y AS the square of Ihc power factor. 

It is not iieces^Jary lo complicate the diagram 
Fig. 78 by drawiiig^ the vectors showing the effect 
of the resi^taiiee drop ir displacing the E. M.F. phases 
at the receiving' end relatively to those at the 
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traiismiltijig end. The coiiilruction Is exceedingly 
simple J and can be carried out for each pho^e 
exactly as in the case of Fig. 59 (which is repro- 
duced on this page). We have merely to bear in 
mind that O A. and O ei in Fig, 78 correspond with 
O C and O E' In Fig. 59. The result will be an 
E.M.F. triangle representing the necessarj' pressures 
nt generatirg end, which will be similar to, but 
somewhat larger than n b r, and o^ which the phase 
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displacement angle {tf>) relatively to the cnrretil vectors 
^vill be srmilUr than the aiigflc, 6^ at receiving end. 
In fact, the conclusions drawn from Fig;. 59 as 
applying- 10 ^iingle-phase rransimis^slon, will apply 
equally to the case of three-phase transmissicn ; that 
is to say : 

1. The power factor -aX generatirg- end is greater 
than at receivmg end. 

2. For a definiie percentage C^ r foss in the coH- 
dut'fors, the arithmetii:al difference in the pressures 
ax the two ends of the line will dimmish a^ the 
load becomes mort indtictive. 

It musl not be ftirgollen thai theie conclusions 
refer to a line of negligible self-induction and 
capaclty. 

(137) Solf'IndnctiOD of Three-Phase Lisea. — 
The arrangement of three-phase overhead lines is 
generally such Ihai the wires occupy the vertices nf 
an equilateral triang-lc. Under such a condition, it 
is evideint that the magnetic Hux due to one of the 
wires will neither increase nor decrease Ihe airoiuil 
of the induction through the loop formed by the 
other two wires. As a marrer of fact, if the three 
wireb are arrang^ed in any other practical mannei. 
the effect of the induction due to any one wire on 
the loop formed hy the other two wires will be found 
to be negligible. 

It will be remembered that, when dealings \iith 
two-phase transmission with common return^ it was 
shown how the total induction in any one loop may 
be considered :is the resultant of two separate 
fieUs — one <lue to the current in the common return, 
and the other due ta the current in the outer wire — 
combined at an angle of 45 deg. 
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lu a three-phase circuit, the currents in the three 
wires are equal; but they differ la phase by 120 deg. 
If» therefore, we calculate — by the help of the curve 
Fig. 61 — the induced E,M.F, on the assumption that 
each wire produces its own flux of magnetism 
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independently of the other wires, we have merely to 
combine two such E.M,F/s in the manner previously 
indicated (see Fig. 76, p. 199) to obtain the total 
E.M.F, in any one of the three loops. This is 
evidently v 3 times as great as the induced E.M.F. 
calculated for the current in one of the wires only. 
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Ky far Ihe simplest way of conitru cling the rector 
Jiagrams for thrce-pha.'ie circuits ih Lo consitlcr the 
three plinscs indcpendonllj% and Fit;-. 79 shows the 
effect ctf taking into ^iccoiint the splf-irdiiction and 
iz^hmic resistance of the line,^. 

Here A, B, and C are the current vectors, and 
n b' d is the E,M,F. triangle for the receiving- 
end ; the ang*le of la ^ be ing &. 

Consider U A and O f/' as being tlie current and 
K.M.F. vectors of a singk-phast circuit. Draw it tn 
parallel to O A to represent the ohmic drop due to 
Ihe resistance of one conductor, and ni iU at rig-ht 
angles to O A, to repi-tsenl ihe necessary impressed 
voltage to balance the H,M.F. of s* if- induction, on 
the assumprion that the magnetic field is due solely 
to the current. O A, in t/nc comiuciot. Join O fv, 
and note that, so far, the construction is e>:acily 
similar to that adopted in Fig, fio for a .single-phase 
circuit. We have merely to suppose the same con- 
strnction to be followed in the case of the other two 
ph^ises, anil the resiilt iis the triangle a b c, which 
represents the necessary three-phase applied H.M.F. 
at the generating end. 

The conclusions drawn from the diagram 
Fig. Oo when treating of j^ingle-phase currents, 
are equally applicable to Ihe case of three-phase 
transmission, 

A^^suming the distance between the wires to be 
1 ho same for a three-phase as for a single-phase 
transmission, let us see whether either system has 
rin ivdvantage over the other from the point of view 
of inductive drop. 

Irt the first place, the total power delivered on 
Ihe three-phase system (see diagram Fig. 79) is 



joS 



rOWER TRA\SMI&S10N< 



3 O A X O fl' X COS 
- 3 C X *^ X COS fl 

= VT C « E' X cos I? 

where C = ihe current in any one conductor and 
K' — the pressure between wires at receivings end. 

[n 'A single - phase system supplying the same 
power m the same pressure between wires, the 
current is, iheret'orci Vj times as great. 

The inductive drop in one of the three-phase ^tjups 
is proportional to C x J j. and exactly cqi.ial to the 
induciive drk>p due to each of the single -phase 
•wires : hence* if the diameters of the wires were ihe 
same in both cases, tlie inductive drop hi a thrce- 
pha!-;e line would be only ,4^// that in an equivalent 
iingle-pha^e line. 

As a matter of fact, the diameter of Ihe ci>a- 
ductors in the single-phase hne would be greater, on 
accoLiiil of the larger ci»rrent. and has the effect of 
rtditctNg the self-induction on the single-phase line 
by something tindor ro pt'r cent. 

(6SJ OapEMtlty in Three - Phase Tra&amiaaiou 
Idines. — In their paper read before the American 
Institute of Electrical Engineers In igoo. Messr?i. 
Perrme and Baum showed that the capacity of a 
three-phase line with the \^'ires arranged in the form 
of an equilateral triangle may he considered as being 
made up of three equal capacities, a]l measured 
between any one wire and the line of ^ero poreniiaf, 
which may be taken as a line passing through 
the centre of the triangle. The three capacities 
are shown diagrammatic ally in Fig, So. 

The capacity of each of the three ima^nnaiy 
condensers shown in che diagram \s given as 
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where K — the capflcity^^ tniiff in microfarads ; 
il — the distance bet^^'ecn wires ; 
/■ ^ the radius of aoy one wire. 

It follows that the capacity current per conductor 




Equrpoiential Line 
. Radius = r 



VIC. So. 

can readily be ctilcuMed exaclly as explained hi i:tjn- 
nection with single-phase transmission, the condenser 
E.M.F. tteiog^ taken as the pressure between the 

wire and neutral line^ which is equal to — j= times 

the pressure between wires. 

This method of tiakul^tint^ the capacity effeci.s on 
a three-phase line is very simple and convenient; it is 
tvidenlly based on the a^ilillmptin^ ihat the influence 
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o( \he earth may be neglected ; and this assumption is 
prt>bably jiislifieil if Ihe ilisiijnce hetweeii the wires 
is small as compared with their heig^ht abcive ^Tomid. 

The effeclK of capacity are net usually ven' great 
*>h iiverheaci linesy but, in the case of long' lines, 
trati:^missi*,>n at ligrht ]t*ads may t^ccome difficult, if 
itot tmpo'isible, and if this should be the case, some 
n^ciiii-* c'f neulralisiug: Lhe cap^cily miiv hav^e In be 
adi.*f>ti:!d. Suitable choking; coils mig'ht be connected 
between the wires at intervflj!^ along the line ; or, 
if power i> supplied Ihroug-h induction molors at 
intermediate stations, there may be no need for 
any special appliances lo introduce additional self- 
iciduclior. 

The formulas for the capacity of three-core cables 
with le;[d covennt^s are not ^o simple a-i fcr overhi.'ad 
wiTca, and information reg-arding- the amount of 
capacitv current lo be expected in a given tj-pe of 
cable .should be obtained from the maker. 

(69) Vector DiAenram for Threo-Pliase TranB- 
mlssiOTt. taking into account ResistAnoe. Solf- 
Inductloii, and Capacity. — -The diagrrani Fi^-. Se 
has been drawn to scale, and shows the relations 
between the Fl.M.F/s at geiierating- and receiving 
ends of an overhead three-phase transmission line, 
for the condition of full load. 

The data upon which the calculations have been 
based are such as might apply lo a practical scheme 
of pow^r transmission ; and the diagram has the 
iidvanlage of sJiowing the relative import ante of the 
effects due to ohmic resistance, self-induction, and 
capacity. 

Dftitft- — ^Tolal power delivered at full load « 4,000 
kilowatts. 
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Power factor (cos 6) = S. 

Pressure betn-een Avires a.t receivings end (E') 
= 30,000 volts. 
Frequency (//) = 25, 
Length of line -= 100 miles. 
DiEimiStiir of copper conductor;^ = "4 in- 
Dii^Lance between centres of wires = 45 in. 

To calculate the currenl, C\ aL receiving end, we 

have ; _ 

*/ -^ E' j< C X cos 6 =' 4iOoo kw.i 

which gives iis 96 iiniperes us the full-loati current. 
C, delivered nt receiving: end. 

We caa, therefore j draw the E.M,F. triaitgle 
f' a' &' with equal sidej., each of sLich a length as 
to re[5resent 30,000 volts ; and the vector C' 
36^ ^2 behind O e' (corresponding: to the power 
factor of "S) and of such a length as to represent 
the current of 96 amperes at receiving- end. 

Cfipacity Current — On the assumption that the 
whole of the capacity is concentrated at receiving 
end, and that the E.M.F. wave is a sine cvirvc, wc 
can calcnlata the capacity current by means of the 

formula 

C/. = 2 - V K E^ -^ r fOoa,Doc, 

where K Is the calculated capacity between any one 
wire and the neutral line (as prcvlousK explained) and 

E' 

e' La equal to - . ■ ^ 

The value of I', as given by Ihe expression! 



K - — j5^ X too 
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worka out at i '65 micrcfarads, which g-ives lis for 
the caps.city current 

*-* " 4'5 a-inperes. 



The vector O C*^ in ihe diagram, must Iherefure 
be drawn of such a lenj^th as to represent 
4"5 amperes to ihe 5a.me scale a^; O C, and in a 
direction itt right angles to c', os explained in 
connection with Mngle-phae* currents. The total 
currtdt in ihe line is O C, ohiained by eompoiind- 
\t\^ O C and O C*. Thi^ vector^ which scales 
93 amperes, is, ifaereforej the current dehvered to 
the line at the generating end- 

/ffsisfiirnt- Drop, — The rcMslance of a copper wire 
'4 in, diameter and loo mUes long avUI t>e about 
35 Dhm^ii. This j^ives us, for the drop in volls per 
conductor at full load, C r — 3,250 volts, 

St^/f IttductioH. — On referring- to the curve Fig, 61 ^ 
jl will bt: found thiit [he coefficient of self-iiid action 
per mile of sing-le i^ondnctor 4 in. diameter, with a 
distance of 4510, between wires, is 1 "83 millihenrys, 
which gives lis "183 benrys for Ihe line 100 miles 
Jong. 

Hence the E.M.F, of solf-lndviciicn per conductor 
{on the assumed condition of a sine curve current 
wave) is 

2 IT It L C 

= 2 ^ X 25 X 183 X C(3 

= 2,670 volts. 

We are now in a position to complete the 
diagram Fig. Si- Draw i'' m parallel to O C and 
of iuch a Jength as to represent the volts required 
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to overcome Ihe ohinic resistance of the conJuclor — 
i.e., 31250 voEts. At Iho point m erect the per- 
pendii:ular w ^ to represent the impressied volr<i 
(2^670) necessary to balance the E.M,F. of self- 
indiiction, and join O e. The length of this line 




FiQ, Si. 



Will evidently give us the value of —7=, where E 

V 3 
slfinds for the preaaure between wire?* at the 

generating end. The sides of the larg'e triangle 

*<cale nearly o7f5oo volts, itnU this fa the necessaiy 

pressure at geiaerating end. The power factor at 

generating end (cos if*] h, in this eif ample, very 

nearly the same as at receiving end ; it measure* 
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tage. If the cables a.rs insulated, and Ihe eccim^mical 
current Uensily j& so high as to raise the lemperature 
undulyi two or more cables would have to be laid 
side by side and connected h^ parallel, or the cross- 
^iectjon of the single cable would have lo be 
Increased, according lo which method proved to be 
the chea[»esL 

Prof, George Forbes once stated* that he would 
like to see an accurate volume published on the 
correct use and development of KelvinS law o^ 
liconomy. The writer has no such desire ; neither 
can he appreciate the utiHtv of a boolc of thii> kind. 
It would, m all probability, resclve itself into a 
compiliition of more or less intricate Formulie, 
applicable to a number of imaginary crises which 
might, or might not, fit in with the conditions to be 
deak with in practice. 

The folEowing graphical method of Uelermiring' the 
most economical section of conductors, Avhich was 
introduci^d some time ago by Mr, Edw, W. Cowan 
itnd the wrtter,t is applicable to any system or con- 
ditions of supply, and docs not involve a knowledge 
of higher mathematics. 

As already stated, in calculating the most econo- 
mical section of the conductors in a transmissiou 
Ime, there are T*o factors only to be i:onsidered : 

I. The first cost of the condnciors. 

a. The cost of the energy lost in the line. 



• *'0n DialanC Electric Power iFianiah^OD^'' /tKiyia/, Inbl.E.E., 
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Kelvin's law, in its himplkily (and, jjideed, wlii^u 
[he law of maximum economy departs ftcm this 
simplicity, it ceases to be Kelvin's law), may be 
stated as folic wi ; "The most economical 5ei:tioj.i 
of a feeder is that which makes the annual cost of 
fhe C^ r losses equal lo the annual interest on the 
■:iipital cost of the tiopper in the line, plus the 
necessary annual iiUowance for depreciation." The 
cross-section should, therefore, be determined solely 
by the cim-ent which the conductor has to carry, 
and not by the leng-ih of the line, or an arbitrary 
limit of the percentage fidl load drop in pressure; 
the drop, even if considerable, must take care of 
itself. If there are reasons which make a larg-e 
drop undesirable, then, if necessary, economy most 
be sacTificedi and the line calculated on the basis of 
pressure drop onlv, 

Kelvin's law is based on the assumption that bare 
conductors are used and that the cost cf these, 
erected in position, is dirccfly proportional to the 
wei^rht of the copper. This nssumption is not 
justified in practice if insulated cables are used, the 
cost of which, per pound of copper, is greater for the 
small than for* the lar^rer sizcH. But, in the case of 
an ov^erhead transmission hne with bare cor^duclors, 
Kelvin's law may ^ive sufficiently accurate results, 
because, although the cost of erecting the smaller 
wires may be greriter per pound than for the larger 
sizes, the insulators, supports, etc-, may become 
more costly as heavier wires are used, thus making 
ihat portion of ihe total cost of the line 'sthu'fi 
dt'Pctids upon thii section of ihe coftduc/or approximately 
proportional to the weight of same. 

To cover all cases in practice, the law of miiAininm 
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i^ijoiiomy maj' be stated as follows : Tiu: aunnal v\tst 
of thi^ vHargy t&iisteti per milt* /if /he inmsmission line, 
ndtfed tit lilt' itfitiuul iilhrwiince (per mih) fof dt'preriG- 
fion ami itihtvsf on jirsl cgsI, shall ite a niiuimum, 

Jl Is uot v^vy easy to estimate with any deg'ree of 
iici;uracy the probable amount of the C r losses 
J u ring* the year's workijig-. The energy lost in a 
g'ive'i L-ondiiciOT depends upon the square of the 
airrcnt ami the time during: which the current is 
flowing. If a cable conveys a current C only twelve 
hours ovit of the twenh-fLinr hours* then the energy 
wasted per day is only hiUf what it would have been 
had the current beon flow'ing continuously, and the 
watt-hoars may be expressed as 12 x C^ x r* or as 

=4 X — y, r : it follows that, in working- out the 

energ-y lost per annum in the conductor, we have to 
mattiply the resistance, noc by the square of the 
maMmum current which Che conductor will at times 
be carrying, hut by the mean value of the square 
of ihe current throughout the year. The expected 
aveTag"e daily load curve should therefore be drawn, 
jind the mean value of C- calculated therefrom. If 
the capacity currciU is considerable, this must be 
taken into account when calculating- the average 
value of the square of th*? current. The diagram 
Fig. 8j will serve to explain how the proper size 
of conductor may be worked out iu actual practice. 
Lei us suppose (hat 10 per cent, is to be allowed 
fur depreciation a-nd interest on cost of conductor; 
then, ii! the diagram Kig. ^2 — where the horizontal 
distances represent resistance per mile, and the 
vcrticaJ distances represent money — plot the curve A, 
which ijii'e^ thi- relation between lo per cent, of the 
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capital spent on the conductoFf and its resistance tr\ 
ohms per mile. Now calculate the cost of the C r 
losses per mile of cable, for any particular value of 
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the resistance, and draw the straight line O B 
through the orig-in» which will g-jve us the cost for 
nny other resistance of conductor. 

By adding^ the ordinates of the curves A aiid B^ 
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thc curve C is cblained, of which the mmlmum 
vTilue ClirrespiJiidb with the resistance per mile of Ihe 
conJiiclor wliii:]i will be tht; most economical lo use, 
whatever may be the Ecng-lh of the line or the 
pressure required at the receiving end. 

Lei u<j briefly con^itltr ho;v the two cost?., of 
■which the sum is to bo a. minimum^ should be 
estimareiJ. 

En ihe first place, tlie capital outlay oo \vhii:]| ilii; 
iulerest Is calculated must include the insulation on 
cable'; (if miy) and the difTerence in cost (if any) 
of the condnils or ovorh(::ad construction -which I'x 
depcfiiii'tti upOfi /he sise of the conductors. No capital 
charge which is constant for all sizes of conductors 
wilhi;^ practical limits need be taker into account. 

This is a paint ,in which there appears to be some 
difference of t>piniun. It ha.?, beifn most emphatically 
stated) on the one hand, that all standing; oharg:eSt 
such as trenching, erection of poles, etc, must he 
included ; and, on the other hand, it has been 
a^£icrted with equal assurance that theses constant 
charges must, cin no account, enter into the calcula- 
tions of line efficiency. The truth of the matter i> 
that it mattes not the slightest difference, either ome 
way or the other, whether or not these standing 
charges arc included. Here the advantag-e of the 
graphical solution of such problems becomes 
apparent; because even the non-'ntathematicat reader 
will readily understand that the effect of adding the 
same length lo 'A\ the ordinates of the curve A 
(Fig-. 83) will be to raise the curve C by the same 
amount, inithout tslterivg vj'thfi- I'/s sfiapCj or the 
position [iH thv. futn^^ntal dirmUfon) of its point of 
minimum valne. 
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With regard to what is a reasonable interest to- 
jiUovv on Che cost of the conduclors, for the pLirpose 
of drawing the cur\e A (Fig^. 82) Prof, Fu^be^ has 
pointed i>ll{* thjil, i^ the toppi^r in ihc lines be 
monga^etl, the interest we have to consider is merely 
that paid on the mortg'ag'e — ^say 4 per cent- If the 
copper is paid for out of capitaE, the interest may be 
much greiiltr^ hein^ eL[iiril lo ihe yKlLmaled dividends 
ic be paEd on the capital invested. In addition to 
this there is the annual allowance to be made for 
tlepreciation, which will depend npon the priibahle 
hfe of the Ihie, and its scrap value when replaced. 

We now come to the second of the two cosi 
items -namely, the cost per annum of the energ>^ 
wasted in the Fine. 

This \^ill generally be the works cost of the power, 
and must include interest and depreciation oa the 
plant in generating station, including; step-up trans- 
formers, controlling gear> baoslers, etc., through 
\\hich the current piissea before reaching the hne. 
At the same lime^ each scheme must be inde- 
pendently considered, as evidenced by the following 
statement borrowed from Prof. Forbes' s paper 
previously referred to : When using' water power 
which ii milimited ttimpared with the demand, the 
price per annum of the horse-power is the cost 
of generating; the power. When the water power 
is limitedi and the demand unliinitedi the pri^e per 
annum of the horse-power is the selling price of the 
power. 

There is also a correction to be made in the event 
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cf the economical losses in the lioe bearinj^ a lai^e 
proporiTcn lii ihe total poi^'er transmitted^ l\i rliis 
case, the cost of fHjwer ^i the distant end of ihe line 
may be appreciably ^freiiter than at the generating 
end, Eind, Litidor niirn^:4l L'onditicins, we ought To lake 
the coat of the wastetl power at something between 
thes^ two values. 

If we determinL' the ^^lope of the line O B i[i 
Pig-. 82 on the basis of works cost at j^cncrating 
end, this will enable us to calculate ih^ :ipprosini:*ie 
^csi^l^Lnce of the Hue and ascertain the apprt^xiniate 
loss of po^er, together with increased cost per 
horse-power, at ihe receiving- end. We can then 
revise cur previous figure for coat of power w:istcd 
in line and obtain a corrected value of the r^^Liired 
resistance- 

Examphs tlldstrah'/ig /tse of Diirg^riinis, - Consider an 
overhead lire with bare copper conductors^ to carry 
a maximum current of 60 amperes. Let us iissume 
that probable lojid ci.LT\es hnve been drawn, which 
will enable us to estimate the s/mean SLjuare value 
of the current throughout the year. This might be 
Eiibout one-third of the maximum value; let us sny 
JO amperes. If, thereforej we multiply the resistance 
of each conductor by the square of 20, we shall 
obta.in the total power lost iti the line on the 
assumption that tliis loss is going- on day and nighl 
throughout the year. This gives us as thi^ total number 
of Board of Trade units wasted in each conductor 
per annual for ttn ffsmmtd n'sisiance of i o/if/i : 
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and if ibe cost of thU power be taken at id, per 
unit, the cost would be 

12 X 2Q 

This enables ut; to plot Ihe point ^ on the curve 
O B» and, by joiiiing^ O p, we i:an read olT ibe 
cost of power per annum for any other resistance of 
conductor. 

With regard to the cLir\e A, we shiill suppose 
that lo per ceut. is to be allowed for depreciation 
and interest on capital ^penr on conclucror^i ; and, if 
we take the tost of these at is. 3d. per pound, we 
can readily plot a number of points tbrongh which 
this curve musl be dr^wn. Thf curve C. ;i^ already 
esplained, is the result of adding ihe frdinrites of 
curves A and B, lis minimum value, in our 
example, corresponds Lo si resistance of Oj ohms 
per mile, which g^ives us as the most economical 
conductor a *^tr!inded cable somewhere between ^'-^f^,^ 
and ^"/iG» ^i" ^'*c equivalent solid wire. fit should 
be noted that — since the curve A is a rectangular 
hyperbola — the minimum value of C is iin the same 
c*rdinate as the point where the two curvts cro:*s — 
t\e., where A is equal to B ; but this is not neces- 
^farily the case when the conduclorii are provided 
with an in^Litating covering'.) 

In order to carry ihe numerical example a lillfe 
further, we shdll assume that The transmission is 011 
ibe three-phase sy:item 50 miles lon^, with 20,000 
volts between wires. 

The drop in volts per conductor will bc 

Cm r = 60 V -62 X 50 
= r,Sfio voTts, 
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find if we di?.rcg^rd the eifect^ of ?>i£lE-iuductioTi aiid 
capadty, the lo'^s of pressure between wires at the 
receiving' eod will be 

tnSfto X J 2 — 5.2^0 volts. 

The initial pre^aarc being- 30,000 volts, 

The pre.ssure at distant end is i6,78(j volts. 

The full-load power at gpeoeratingf end = 2.080 k;v. 

The full-load power at receiving- end = 1,745 ^^^'■ 

The power lost in tlie line = ^^s kw. 

And the efiiciencj of lini^ = 84 per cent. 
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(71) Regulation of Pressure at Receiving 
End. — When the voltag-e drop ]> con.siderable, us 
win nearly alwayii be the case in [ong* transmission 
lines, it is necessarj" to raise it — i.e., to reg-LilaCe it 
so as to avoid variations with chang-in^ load. 

This may be done on a -i-connected three-phase 
sj'st^m by rnea.ns of two rew-ula urs only, as indicated 
in Fig, S3, 

Here the points A^ B, and C are the terminals of 
the transmission line, linagme V and S to represent 
respectively the primarj' nnd secondary turns of a 
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triinstbrmer. If wo connect two suth transformers 
in the manner indicated on the di^'ram, the i^ff*-t't 
will bt lo raise the pressuie between n// /^iree lufrcs 
ti> the extent of the volti added by the sei:ondiir>' 

Thus, if the pressure r = iG.ooo \olts, and the ralin 
P : S = 4 ' I. the prej^sLires, E, will bt' 16,000 + 4,000 
20,000 volts. 
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Tlie diagram Fi^. 84 will miike this quiLe clefir' 
Hero A~9, ^~C, and CD nre the three vee^or^ 
representing the pressures, ^'i before boo*^!!!!^ iip : 
A~A' and B B' represent the added volts between A 
and A' or B and B' (Fig. S3). These added M.ilt!> 
fire evidently \n phcise wiih the pressure,s I'. A and 
B C respek^tively, b^^eause the potential differeticc nl 
rhe ^econdar}' terminals of a well-designed trans- 
ftinner is always in phase with the primary E.M.F- 

'e hnve only to complcti^ the triangle C A' B' to 
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sec ihat the twu transformers, connected up in ihc 
manner described, wiM do aM thiit is required in the 
vt'ny of raising th^ prestiure on a three-phfl'^e circuit. 

It will be understood that regulation of this sort is 
usually carried out on the secondary side of the step- 
down trHusformer-s, but (he principle is the wime. 
Moreover, the transformers shown in the diagram 
Vlg. S3 must be of the variable ratio type, so Ili:it 
Ihf added volls may be varied (by hand or olherwi.se) 
to suit the alterations in the lo^d, 

(77) Boosters at TntervaJs alonp tlie Trajis- 
miasion Line,-— In tlic event of a large pressure 
drop occurring between Ihe generating and receiving 
ends of a liing lrHni^mis^,lon line, it may be advan- 
tageous to provide boosters at one or more points 
along the line. 

There would appear to be a certain vagueness in 
the minds of some engineers as to the rea] object 
and possible advantage of using boosters along h 
Iran.sniihhion line. 

It is true that the energy put into the line at 
intermediate points; cannot he cheaper — and, indeed, 
i:^ usually more costly — than the energy supplied 10 
llic lino at the generating end; but the boo^^tcr 
system enables u*i to irri-p up flw pressure nil tihiig 
iht' f/r!L\ and hence the economy ; provided always 
that the losses in the boosters themseives, Ihetr 
maintenance, and the necessary allowances for interest 
and depreciation do not counterbalance the saving. 

As an example, consider a single-phase line con- 
veying a cunent ^( loo amperes at an initial pr«ssiTre 
of jO|Ooo volts. I^uppcije the drop of pressure in 
the line to be lOfOoa volts t this will leave only 
JOfOoo veils at the receiving end. 



BOOSTERS AT IXlEBV.Vli ALCWC TKE USE. 



^^7 



The power put inU? line at ^cacratiog en4 -^ ;*ooo kvr 
The loss in the line = t.ooofcw. 
The power ava^ildiblc at receiving end — i^ooofcw. 
Hence* e^citttcy qflia*^ — 50 per cent> 

Now ima^ne a booster to be Inserted at a poi>^t 
half-way along Ihe line- This booster may be coa- 
f^iJi^red <i> a hig'hlv insulated H.herndEor of 500 k\^ ■ 
capacity, capable of generating 100 amperes a^ 
5,000 volts. The arrangement now b«come« a^ 
shown iji Fig. 85- The drcp in the first section of 
the line is* <is before, 5,000 voJts ; and the drop In 
the second section is evidently similaT — Le.f 5*000 
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Fig, 85- 



volts — leaving the total -waste of power in ihs line 
the same as before the booster was in^serred. But 
by providing thi<i booster at the middle point of the 
line» we have been enabled to raise the pressure 
here up 10 the mavimiim Initial value of 30,000 
vults, with the result that we now haic 15.000 volts 
(or I1500 kw.) available at the receiving end. We 
have certainly not succeeded in obtaining thi?* 
increased power without having to pay for it ; but 
note that, by keeping up ihe pressure, we have been 
able 10 obtain it "imthoiti incretisiitg the /osses in (Jirt 
line. 

If, for the sake of simplicity, w^e neglect the 
quehlion of booster efTicieuty, we now have; 
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Po\v-er suppllcii l*.> Ilic line =2»ooO't- 500 = 3. 500 Itw. 

Po\ver la^t in llic line — i.ocxjkw, 

Power civailable at TEceivin^ end » 1,500 kw. 

And for x\\e efficiency itf /he fijff — -^ — =■ 60 per tenl. 

2,500 

Boosters are genera 1 13- arrang-ed 50 aa to take 
iheir powar from the generating end —that is to say, 
they take the form of transformers which provide 
ihe extra volts at the cost of a corresponding loss of 
rnrtent. A three-phase transmission line, in two 
sections, with booster at the end of the first section, 
is shown diagrammatically in Fig. 86. 
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Such boostera must be of the variable ratio t}"pe, 
with hand or automaric regulation. 

(73) Relntivo Advanta««a of Ditfor«at SFatems 
of TranemtsaioD. — My way of introdnetion^ it 
should be mentinned that a comparison of various 
systems on general lines is not only useless, but 
impossible : there is no basis of comparison 
^ipplicable to all conditions of practice, and each 
prirticular case must be considered on its own 
merits. 

The following points should not be overlooked: 

(i) In comparing the relative cost of conductor's, 
necessary for two different systems of Iransmisiiioni. 
the t'ffivwticy must be the same in both cases^ — ^r'.f.* 
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tbe aame amounl of energy must be considered ii^ 
being transmit red the sir me t//sfnuct' with tho stif/ff 

(2) What is to be iindcT*itood by the pr^s^ttn^ 
must be clearly defiiied. For instance, when 
comparing- continuous with alternating' current trans- 
niis^^ion^ it mu?:t not be forgotten that the stres,-^ 
on the insulHiion is less with coiitinuous currenis 
than with alternating' currents at the t^aine 
V mean square pressure. In fact, on the assump- 
tion of ii sine curve wave, it is easy tii see that— 
for the same power transmitted, at the same 
efficiency, and 'o^i'th the siitfie fnaxi-muf/i j/z^Ji" o?i 
jHsuiniuut — the weight of copper for a single -pha.se 
alternating - current transmission would be sltmblt: 
that required if continuous i^urrenls were uved. 

Ag-ain^ when considering aittniaiin^-current syjilexT-s, 
it is necessary to decide whether it is the maximum 
potential above earth or thp maximum pre^SLire 
between wires which should be taken as a basis of 
comparison, 

Assuming^ the middle, or neutral point, of ihe 
various systems to be ''earthed,*' and allowing for 
a definite maximum pressure between any wire aiid 
earth, the comparison between Ihe difTereui altcr- 
nating'-currcnt systems becomes a simple mailer. 

Let € and C stand respectively for the voftage 
and current ^t leg in either of the ihree systems 
j^hown diagram mat ically in Fig, S7. Then, the total 
power transmitted in each case wfll be 

e C cos i' X ff, 

where cos Q^ ns usual, is the power factoff and h =■ 
the number of legs. 



23*^ 



Pf>\\ ER TRANSMISSION. 




.iIiUUUl2A 




ADVANTAGES OF DITFEREST SYSTEMS. 2^1 

If r be the resistance of each line conductor, the 
total line ]o5S will be 

a.ad, for the same line efficiency, the weigfht of copper 
per horse-power transmitted will evidently be the 
sHHie in all ca^e^. 

This leads ns to the conclusion that, for any 
pofy/fffose s^'stem^ the power l^^^st in the line depends 
only upon the joint resistance of the eonductors, the 
power transmitted, and the power fiictor, pi'ovi4cd 
Ifti' pressitfi' Ivfit^t'JJ ii'iy loire nmf tht: m'ntrai paint is 

Lei us neglect the capacity and self-induction of 
ihe line, and aisiime Ihal co> B i^ ihe power factor 
of the load at receiving- end. Then 

fcToer dKlivCred — n gQ cos S — W 
and the power hsi in line «* n C- r 

Thii last quantity, expres-sed a^ a percentage of the 
power delivered, becomes 

pi'rceHttigtr power lo^/ iit transmi^^sion = — 

Let us denote by K^ the joint resistance of all 
the line conductors in parallel — i.e. R^ ^ ^. This 

^vvQ^ LIS, for the numerator of the above percenlag-e 
loss, the expression 

V- C- R^ ^ loo, 

But »* C^ is equal to , ,^^ ^ ■ 
^ e- (cos tfj- 

Henre we may write- 

Percentag-e power lost in trans- j 

mission for atty polyphase / =-t-- ?- « kj> 
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ll mipht al first Mghl appear as if there wa^ 
iiiJthiHg lt> choose between the various sysieois 
,showii in F[g^. 87 1 bul it must not he forgoiieii 
thai the potentiiil differenci^ behaevn tftt' laiirs hcis 
not been taken into consideration. When this i*i 
done, tht advanliige will dearly be seen to be m 
lavoiir of Che three - phase system ; thus, th^j 
innximiim pressure between any two oT the line 
wire^ will be ['73 *? for the three-phase sjsieni, 
a.ud a e for the }^in^'']e or four phase sygtems- 

AllhoiJ^h we have assvimed Ihe case of mi enrihed 
neutral* there \^ much to be said in favour of o 
system without an earthed point, mainly as reg:ards 
reduced risk of .stoppag-e through a breakdown of 
insulnlion. 

Where curretii for power and lighting is to be 
trikea off the same mains, the two-phase sy^^tem^ 
with the phases kept entirely distinct, appears to 
offer some advantfiges ; or the power may be trans- 
mitted by three-pha^c currents and conv"erted into 
two-phase by ii suitable arrang;ement of transforincr^, 
as first introduced by Mr. C. F. Scot!, In this case 
the frequency must not be lower than, say, 30 for 
ir^candescent lig-hting or, say, 45 for arc lig-hting. 

If the load consists of small motors aad incan- 
descent lamps, a three - phase distribution al il 
frequency of about 30 will give very fair pressure 
regulation if the secondaries of the trajiifarmers 
are ^ connected- Even with a difference in lojid 
of ?5 per cent, between the phase.s, the alteration 
in voltage between the wires can be shown to be 
hardly noticeable, and the motor load will always 
tend 10 reduce the effects of any differences in the 
lamp loads. 



i>th^r method, appliciible to a ?;upply t:i*mbinm^ 
po\str iiud li^htiiig. is \o coawvct a\\ the ligbUs 
rii:ro^"a one phase ooly of tile ihrce-phase supply, and 
keep the pres*;nre steady on [his parliculjir phascj 
leaving" tlic preshute across tlie ptlier two phages lo 
jidjust itself according tc the load. This should noi 
interfere with the running of miliars cciDnecit'J <n:rt^ss 
all three pha^^es. 

[f the power is to be used for electnc tractiou, 
The frequency must be low, preferably ab-?Lit 15 
ptriod-! per second. The two-phiise system hits been 
Mdv'0<::itod for elecirii: traction on the ground that — 
for A yiven power— the current in the (two) trolley 
wires will be leas, while the tmrrt^nt in the r.ijirs 
will he greater than with the ihree-pha.se "-ysteni ; 
thus effecting- economy in the line, (The section of 
the rails is usually such that their conductivity is 
higher than that of the trolley wires.) 

On the Valtdlina Railway, the Iransmir-'ilon from 
the water-power station is hy three-phase currents 
Hi 2O1O00 \oks ; this is transformed down in sub- 
stations to 3,000 voh^y a tower pressure being-^ in 
this case, inadmissiblen as it would involve the 
collection of abnormally lar^e currents from the 
trolley wires. 

Kor transmission of power lo a di^tanct:, the three- 
phase system would, on Ihc whole, appear to hn\e 
certain points in its fa\ our, 

474k ArrAEiffe(&4)at of Overhead Lioes ia 
PraatlOG. It is nc^l intended 10 dcul i\ith riny 
questions concerning the practical constmcTion of 
IrHUsmission lines, or the calculalion of stror^es and 
strains in wires or svipports ; but this chapter rvould 
not he complfie wilhoui a reTerence li iariou> minor 
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matters affecting,' the d^sig'n L->f transmission lines 
Trani an ^lecirical ^tiindptvint. 

Distanct' Ac^r^e/i Ji'irrs. — Th^' spHcIng^ of the wire^ 
iA-iU depend mitjiily upon the pressure between them. 
Tlie farm 111 A 

^ = G + ^ V, 

where /f= distance hpiween wires in inches, ajid 
V = pressure in thouaauds of volts, will be 
ftjuiid to ag'ree fairly woll with the averag^e of recent 
praetik^e- 

Ht'ight above Gfound. — -Tliia will depend largely 
upon wheth^er wooden or iron poles are used. There 
are iiiiiny cid\Hiilagts in having high-len^iciii wires :i 
considerable distunce above ground, and the practice of 
iisln^ iron pole!> or lif^ht lowers spaced tweive or 
tiftetiii to the mile, in place of wooden poles spaced, 
^y, forty to the mile, is becoming mori: and more 
oommon. Apart from the fact that the iron poles are 
more durable* the longer -^pani are an impiovement 
from (he point of view of insulation. Moreover, since 
tewer insulators ari.' nei;i?sr:i^rv, a hig^her price can be 
paid for them, and the beat possible t>-pe adopted. 
In no case should ^wy but the bsst and ?^trongest 
iiisii^^iUirs be used, a> no ultimate saving will be 
cffeetod through the ut-e of cheap insulators. 

The height of the wires above ground, when iron 
poles are used, might be from 30 fi. lo ^oft., ui 
even more in eases where verj- long spans can b^: 
adopted with advantJige. 

Alii7!Uftiui/t Jl'ifvs. — Tbeae are largely used In 
America for overhead transmission. For the same 
oonductiviiy as copper, iheir diameter wiU be about 
one and a quarter limes as great and their weife:ht 
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AliiTi;>*;t CKSc^tly half as great 3^ thai of copper: the 

Itns'il^ streitg^i of ihe ^iiiniiiiiim conductor wilt be 
^router than that of a copper ccwductor of equal 
conductivity- The cost, m practice^ workii otit ^^bout 
the same for either metoli or perhaps »1ig^htly in 

favour of Jiluminiuni, 

The effects of snow, ice, and wind on the larg-er 
iJiamcter of wires must not be overlooked- Ag^i). 
since aluminium has a large coefficient of expan^ou, 
it greater s}ig mu^t he allowed for ihan ^viih copper. 
it has been noled that the sag- in n span of 
^ilumininm wire 13 J ft- long has bi*en r^jduced from 
,13 in. at 100 deg. to 13 in. on a i;old morning. 

Aluminium i^ liable to bo atiaclted and conrodod 
in the neighbourhood of mannfLii^turing centres i 
and trouble has also arisen through crystallisation, 
which jiomctimes rcsultji from continuou:^ vibration. 
Stranded conductors are probably preftfrnble lo solid 
wires. 

Bronze conductors have been recommendi^d ns 
being preferable to ccpper, 

Proitxtinti from Lightning ttnd Jlbfionnal Pressure 
Risffs. — This is a more important subject than can 
be adequately dealt with in these pages. The 
practice of running- one or more e-Lrlhed iron wirCi — 
whether ordinarj- or "barbed" — the full Jcn^h of 
the line in the neighbourhood of the *:onducti>rSf 
meets with little approval al the prevent diiy* 
probably orting- lo troubles caiistd by falling wfrc*, 
A good type of lightning arrc«tor ^hoMld bv Ufttd ul 
. the stations, and along th« line. Th« h<>m lypv i« 
liable to cause -shori'tircuiti during ruin and imiiw* 
falls, and should be ckJvcrcJ^ 'Vh\t type ffUi aIw? (W 
disadrant;i^e of bein^ liAhW 10 m§X up irJvrirlt«l 
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oacillattons. The Wuriz arrester, with resistance in 
seriesi or both in scHfis and in pflriLlld, would appear 
to he fA\t]y satisFaciory. 

The question c( proteL'tii^n from lightniiii;^ iind 
tibnormrtl pfiissure rises is one ivhich has not yet 
been satisfactorily solved. In many cases, static 
discharj^fi"^ have boon Ihi^ caUHe ol more trouble 
than they have prevented. aiiU there \^ no doubt 
that il is advisable to reduce the number cf safet\' 
devices as far as po&sibli^. Ai the £ame time, the 
most elaborate precautions m:iy he found neL'ess:jry «o 
prevent interruption of supply during thunder storms. 

The practice of insulatiny the btfds aiid frames of 
iilttfrnaiors and Iraasfonncrs, which is fairly comnioii 
in South Africa, would appear to have adwintaj^^ci; ; 
the prhiciptil disnd vantage beinji' increased djinger 
to life. 

TTie abnorma.! rises of presiiuri^ which are liablo to 
occur when switching on or off a long- transmission 
line may lead to troublcy in which Crisc some dcvitc 
must be introduced with ihi? swilchg-ear to i>ii:ibl<J the 
prcssine on the lines lo be ^riidually raised or 
lowered. This can be done by inserlioi^ a 
variable - ratio hand - regTitated transformer belween 
the "bus bars and the lerminali^ of the line, this 
transformer being- CLit out of circuit afler the 
s\i'ilcb ha^ been closed on to the 'bus bars. 

la the case of overhead conductors, it \^ not usual 
to iui^ert liny such cbar|^iti^ devices; but if the lino 
is a very lonjf one. some method of graduiillj' 
switching on and off may bi^ necessary: where any 
considerable length of insulated und^rg^round cables 
is used, the sudden switchia^r ou or off of The 
pressure mi^ht lead to trouble. 
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Afti/ri/tl rvditcimn, — Although The 4ue?»lH>N of self- 
indiiclicr in transmission lines has been treaie*^ 
>ome length, no refereiii^e has yet been made lo thej 
Jiiduaise effects cf one Ime tfn a second line mnmnffl 
pjinillol With it. a-s ^^-L^uli^ often oci-ur m actual] 
pmctice ; the reason of this omjssion being^ thai such 
inducttve effects are generally neg^ligible, li a»iy 
case. Ihoy can be lUmost entireiy a\'oided by *iiiiiibPy 
transposing' or spEraTling the lines. 

Thus, if a ihrcc-pha^c line be arrant;^ »*» I hat 
e;icli wire occupies the central position ft>r a di»ia»*cc 
tt|LiHl to one-third I'^f the entire Jci^h, it vhtHxtti h*vr 
no Eippreciable inducti^'e effect opoD a f*effflib<mnfi|f 
pariillel conductor. 

VV'itli tivo Ihree-phase circuits Hippcrrted *»<» (■# 
^ame set of poles, it is usual to tr^nspcK*; i*»* wW* 
of owQ circuit in the opposite (Mrectipfl w tfunc tff 
the other ; but spiralling ^ould be ar43*«WiJ •• fa' 
as poi^sible. 

The chief trouble v* wHh iHfphone drrtf««ft« fW 
\iire?i i<^T which are frequently CArricd by llw ••«# 
poles a-s are used to support fh« l/a«M»MM0W l«*M/ 
Thfs is not good practice^ if ic can br M'oldUrff 
seeing' that the telcf^uMic w^D ite'walf^ fw MMxtflitf 
most at times when tb^rc n> trMitrftf *f<J» iJiV 
lincs^j'.e.. when p«Hi«iblr mil nf hritilfir AfflMVlt jw 
the overhead conduct4>r9 arc lu»bl« 1^ j«Mi^1Srw #Mlf 
t:oiiversation on Ihc i^l^pfcon*, Th« trWw* 1m lAw 
telephone sboidd, when poi a b fa , Im ■W f ^^rKJ *» « 
separate set of po^t^ If m i m Cy pMAMJMM «W 
not taken, dangr^Mi^y M|^ ^cUfsa^f mJ^ *«4#f 
he induced in the Ictepfaon* fvnMf. 
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CHAPTER VII, 
Polyphase Isduction" Mctoks. 

(75) The general principles underlying the rotaiion 
f>f a slioTi-circiiited armature in a rotary m:iyneiic 
field, produced by two or nxoca alternating: currents 
dLffering- in phase, were expLiined in article 28. 
Chapter [IK, ii> which tlie reader is referred, and 
with \vhii:h h^ should make him.'ielf thoroutrhly 
familiar. A picture of the rotating; field, draj^ging 
with it the shorl-cirLuited armature, is a very useful 
one ; but there h another way of studying- the 
behaviour of this class of motors which will g^enerally 
be found Ilj ha\e ad\anlay;e^. 

ThiK i^onsists in considering the induction mctor 
as a slightly modified transformer, the primary coiU 
of which are represented by the stator, or inducing 
windings, while the secondary coils are movable, 
being-, in fact, Ihe shori-circuited winding^s of the 
rotor,* 

It has been shown (see article 27, Chapter IIJJ how 
a rotary field may be produced by two or more 

* This noincnclaEurc i-^, of ci^rsc, Ijo^L-d i»n ihi: iiSALiDLpliui] ihal 
the primnry windingii — /,f., the cciila ccmncclcd [o the ftupptr 
niaind — uri? nt TC&t, while ihe shorl- circuited secondarj' rcvolvci ; ^>ut, 
allhongb thit h Ihe inrwi ntTial fliTflngcnieTi', it musl be under^Toorj 
thflC it IS hy rii> mtaiii a ner**Kary one. If t\>f primary coifs nre 
wound uji Ihe ii^iulvlii^ p'jriion uf tlie JiiogiieLi^ circkut, llito a. 
nuinbt:! uf slip dngs must tjc provided ibf convejnn|: the cnirt'nl 
to the cfiila, corresin^ndinf^ in mimlwr to the number of piaaes i-t 
ihc polj-phaw supply. 
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currents having certaiii phase differences bttweea 
them ; and since two equal currents diflering in 
pha?ie by 90 deg. hEII produce a uriifi^rm ri?tating 
field, it follows that any uniform rotating fieJd, 
however produced, can be resolved inlo two equal 
alternating components difTeruig in phase by a 
quarter period ; and, instead of studvin^ the 
problems of Induction mntor^ hv pit luring a 
magnetic field revolving in space, wc shall, in this 
chapter, treat the subject by imagining l^^'c alter- 
nating magnetic fields difTermg rn phase by 90 dt^^. 
and acting togethi^r st* as to bring about the rotatiofi 
of the short-circuited armaiuFe, 

This method is by no means new: indeed^ it ha» 
always been advi>cated by Mr. LI. B- Atlcini^fi, and 
was used by him as long^ ago as iSc)S, in bi% clflMJC 
paper on " Allernaiing-Current Motors," read before 
the Justitution of Civil Engineers* 

Mr. Atkinscm, however, ireats the «ub^ect very 
fully and eien goes into details of de>ign ; while lh« 
methods and diagrams adopted m (he follo^intf 
pa^e^, although not primarily intended for thr nie 
of de^igner^T are yet f^ulTidently accurate (or ifccerikj 
purposes^ And lead to con>hiderable «impti^Mlif»n>, 

In Chapter V. the theory of the dltcrnarinif-ciirra'ni 
transformer wa^ eicplained, on the ;i«<MumptJon lluil 
magnetic leakage wa* nt'/ — ;>,. fhjil afl iha 
magnetism generated in the primary cirvuit pOMwd 
al^o through the secojidary coils^ Bui (he jillef* 
nating^ - current indticiion motnr nwfnif 10 |l|« 
disposition of the windtn^;^ a/uJ the iirce^xarx nlf* 
gap— i* by no mean« a perfect irsuiMfofmtf, iind W0 
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first whal are llie effecls 
;in ordhiai'v single- phase 



r-hrtll, therefore, consider 

I^;^nsfo^mer. 
{76} Hagnctio Leakage in Trauafonaera, — 

Unless the pnmary £ind s«oi>Lidarv coils of a trans- 
former ure woiinJ close together or the same 
pt>rtion of the iron core, there mu^t necessarily be 
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it certain luimher of mag-netio lines genera.ted by the 
primary i;un-enl which do not thread their way 
throuf;-h all the turns of the secondary coils. The 
amount of this leak;i^u magnelism will increnst with 
the growth of Ihe prima-ry current, and will, there- 
fore, be approximately proportional to the valLLe of 
the seL-cmdar\ current. 

In Fij;. SS IS shown a MJig-le-phasc transformer in 
which the magnetic leakage would he considerable. 

The two primiiry inducing coil^, marked P, are 
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w lujuiI iipLin ihe iron cor^' ni m'iti*." ilistance rrotn tlie 
-secondary coil, S, arid, moreo\'er, an air-gap hat? 
been introduced in that portion of the magnetic 
urouil which lies bclwetii the luo seta of coili. 

When there is no eurrent in the sei^ijndurv — i-c, 
when ihis is open circuited — nearly stil the magnetic 
lines due to the primary current will pass throug:h 
the central cotEt and so thread their way throujjh 
the secondary coil, because — unless [he air-g-ap be 
\\ity large — this will be the easier paih ; and the 
arnount of magnetism finding a shorter path, such 
as fl'p would be small. Rul when currtni ia allowed 
tLi fiiiw in the secondary coils, thi.s producer a 
mayaetising force exactly equal and opposite to the 
ma^iielising force of the main component of the 
current ia the primary coif. The result is that, 
ahhough ibis component of the primarj' curreat can 
produce no magnetic flux through the secondary 
coil, Lt will give rise to a considerable amount of 
magnetism which will leak across the air spaces 
and miss the secondary" coils. 

In treatiagf of magnetio lealtage in transformers 
and induction motors, ihtr Li^sumplioa i^ usually made 
that the ^eco^dary winding has self-induction ; the 
arj,'Timeiit being- as follows : 

The current in the primary coils gives rise to a 
total flux, N, of such a value as to choke back the 
whole of ihe applied potential difference which is nol 
lost ia ohmic drop- 

Of tliis total flux, Ni lines pass through the 
secondary colls, and N/ lines leak back by othei 
paths* 

Now, the X, lines through the secondiLry induce a 
certain back E.M,F. which, however» i^ nol the 
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effective E.M,K- in the secc*n<lary circuit, even if Ihc 
terminals are shorl-circuiled or the outside load is 
non-i:iductivc. It is assumed that the secondary hns 
self-induction, and thai the current flowing in it givet^ 
rise to another F.M.F.. in qi^aclrature with lT»e 
E-M.F. due to the flux Nj. thus reducing the 
*ffective E,M.F. producing the flow of current. 

It i^ not suggested that this is nn incorrect \\ay 
of treating the subject (in ^Jomo cnsea it may be ji 
n@c:es«ary one) ; but note that it involves the ide;i 
of a certain portion of the total leakage magnetism 
bein^ ^ctcraM by the current in the secondary coil: 
and we must, therefiire, conceive of two Jiidcpe/tt/i/if 
stteam-i of alternating magfnetiam Iwith a pbiise 
difference of a quarter period) passing through this coil. 
In other words, the Tn<isrnelic fliiK due to ihtr primary 
coil gives rise to a certain E.M.F, in the secondary 
coil; the current in the latter iilso produces a back 
E,M.F. of self-induction f which, together with the 
above EhM.F. of Tnjiiual induction, gii-es us the 
rfsiiiit/nl or fffecfive K.M,F. in the secondary 
winding- 

Thc author's method, which leads to a certain 
simplification of the diagrams, is based on the 
assumption that the whole of the magnetic Rux 
which passes through the secondary coil generates 
an E. M.F. in the secondary winding^: to which the 
.secondary curreut ia directly due, and that this is 
the fJilv E.M.f\ ^cneniled in thtsc 'voindin^^. 

If, therefore, the external secondary circuit is' 
without seEf-induction, the current in the secondary 
coils will be lu phase with the induced E.M.F- ; 
which is simply another way of stating that the 
secondary transformer coils arc without self-indTiclionn 
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Referring iig-ain to Fig-, SJiJ, il might be objected 
clial iJit current in iIil- scctinJary coW^ Sj fs bound 
to produce leakage magnetism as represented hy t\ii 
dotted line a d : but, on consideration^ it wiH be seen 
that any such maifnetic lines may, with ecjual 
correctness, be considered as due to ihe component 
of the primary current which balances the *iecondAr\' 
current: in wlikh case the closed path of such linus 
will not ho through the central ir^Jn core on which 
the secondary is wmmd, but through the outside 
portion of the magnetic circuit. 

It !■; possible that the configuration of the 
magnetic circiiil may he sncli as ic render hiaccurate 
this method of treating the subject ; but, in almobl 
any case which is likely to arise in practice* the 
error introJuced by supposing the secondary to he 
ron - inductive, will be negligible. The question 
practically resolves itself into the correct deter- 
mination of the core Ios?,ei in the various portions 
of the magnetic circuit. 

(77] Tbe iDdnotlon KTotor oonfildoi^d as a 
Spcoi&l Case of tho AUeraate - Gorreat 
Transromier. — Fig. S9 represents a poJypha^e 
induction mptpr in its simp]e?>l form* and has heen 
special!}' drawn to llkistrate the resemblance between 
such a moTnr und ^n ordinary transformer with a 
large amount oi" leakage. 

The revolving field is reaolved into two equal 
components with a phase difference of 90 d^g. ; the 
two stator coils P P being connected to phar^e I, 
while [h^ two coil*i O O are connected to phase 2. 

In practice, the motor would probably havo 
more than two pairs of poles, and* moreover, 
the stator windings would be evenly distribnled 
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J"id ^ouiid in a nuiiiber of tAals on ihc iiiaiJe 
peripliery of the stalor riii^ ; but the jirrangemetii 
shown in ihe figure is otherMise *;orrei:t, Eird ^\'ill 
serve the purpo:ie of explanation better than a 
^iection showing* lh« actueil dii>ipo^idon of the windings 
in a two-pha^o motor. 

The rotor windings may consist of three Oi' mure 
et|ually spaced weparaie *;hort - crlrcHiJed winding!* t 
or— If uf the squirrel-LSKe t\pe — all the conductors, 
passing through slots on the periphery of the rotor, 
vvniiUl bo short-circnited by a couple of ring*; at the 
ends of the armature. 

In Fig. 89, each pair ijf diametrically opposed 
conductors is supposed to be shorL-circuiled by end 
comicctors, such as n and m^ 

The action of Ihe motor may briefly be described 
as folloAs : 

The coils P P of phase i produce an alternating 
magnetic field in the diri?eiion B B', This does not 
indukze any E,M. F. in the closed rotor circuit n 
which does not enclo>:e any of the magnetic lines 
due 10 these exciring coiU ; but, in the cither 
circufts, E.M.F/s witl be induced which will give 
rise to cLirrents lagging exactly 90 deg, behind the 
mijgnelic fiiix pa*i^iiig through the rotor in the 
direction B B' ; the maximum current being produi:ed 
in the horizontal coil w. 

If the motor is at rest, no iorgite 7vtil be exeried 
by fJwsi! cnrrfftiis reac/iti^^ upon Ihc field of phase j", 
and the motor would, therefore, not start with 
only the coils P P escited, even under lighl load 
conditions. 

But note that the coils O O excited by phase 2 
produce a field along the asis A A' exactly 90 deg. 
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out of phfise with the fiold B B', and, thcrefor^i 
exactly m Jt/raae ivit^ the currents inditct^if by 
phitsc i in fhf rufar windinj^s. 

The result is that the mag^etiam eiitering- the 
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rutiT from ont" sel of polirs, yivu^ ri^t tJ i:urri.'iits 
in ihe rotor conductors in phase with the niajfnetlc 
fliiM from the other set of poles ; and sinLV ihi? 
torque will depend upon ihe product of tlit ciirri^'iit 
and field strcnj^h— /.t-.) upon the mag-iiitud^ of the 
rotor currents and the inrensity L-^f ih:ir cornponi^nt 
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of ihe miHtiTietli: field ii^ whkh lint roXor ccinduclors 
tiCV iiurtiLTttd mhich h tn p/utst- -^iih ih^ currerU^it 
follows that the motor will be selF-slartiog. 

f\s Ll runs up to ttp^ed, xhti li.M.^.\ induced in 
ihc rotor conductors, due to rotation in the two 
iiIteriiHting magnetic Relds, uill renti to reduce the 
itmoLuit of iho rotor curreiil.'i ; witi the maximum 
,tpecJ will be attained vben the E.M.F.'a g-enerated 
in the conductors, as thej' cut through the 
maginelic flux, almo^it exactly equal ^nd balance ibe 
li. M.F.'s due to jnductiou -the ditTcrcncc being' 
sxtcU fls to allow ihe very siuaW current to pits?; 
which is neces^ar>' to overcome bearing; friction^ iron 
losfc, wincia^'"e, etc. 

The mriximum possible speed, if there were no 
looses in the motor, would be the speed of 
-synchronism ; and, since the percentag-e losses, 
when running lig^ht, are very small, aii unloaded 
induL-Lion motor may be said to run praetically at 
M-nolironous speed. 

Thus, if ilie motor be supposed to hax e only one 
pair of poles per pha;*^, as in Fi^. 89, and if the 
frequency of the stator current be 25, then the 
lUMiiber of revolutions per minute when running light 
will be 25 J< 60, or t^soo revolution^f because this is 
the speed which will m^ke ench conductor cut the 
mag-netlc flux of any one phase in both directions 
during the time of one complete cycls of mag-netisa- 
tion. If the spded is -V revolutions per minute ;ind 
the frequency ti complete cycles per second, the 
number of /aiifs of poles per phase wPIl be 
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aS] Vector Dlasram for IndactioD Motor wltb 
Rotor at Rest. The condition ot things at the 
fnomeiit of swkchi)ig 011 the siator currenl, whilt? 
tht; rotor Is stiU al re^l, is rcpr^^^tnted by ihe 
diagram ¥'ig. 90. 




The construct til 11 of this iluigr^m \^ ^^nerally 
similar to that cf \.^i^>' 51 and ^2 in Cliiiplcc V. ; 
but whereas th^r^e refer to a. t ran s form *zr ?iLipposcd 
to be without magnetic leakjig'e. Kijj. 90 refers to a 
transformer — 5uch as an induction motor — hi which 
magnetic Jeakayi? plays an important part. 

If the rolor is of th** i^qii[rrt?l-cagt iyp^\ The con- 
dition IS that of ii iransformfr h^vinii' Eippreciablc 
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magnetic leakii^e :iiid a shorr-t'ircuited sccoinlury 
If, fn iVic other liatid, the motor under toiisiderrt.- 
lion haji a wound rotor wiLh resislarices coiinected 
in .scrips (for reasons whit:h wiH be explained later), 
then the condition is merely that of a transformer 
with its secondary oUisecl on a definite non-inductive 
load. The di^^rrim Fi^. ijo applies lo dther casf, 
and, for the purpose of sin-iplifyin^ the construction, we 
shall assume (as when Treating cif Ktatic transformers) 
that the ratio of prima.rv to secondary turns is i : i. 

It must, moreover, be clearly understood that the 
diagram only represents the relation of E.M.F. ;ind 
current in one of the phases, such as that which 
excites the coils P P (Fig. 89) j but exactly the 
same relation will hold good in the other phii.se 
(coils O O, F'ij^. Sqj, with the one exccptioii thai the 
diagram, as a. whole, must be supposed Co be CuVned 
throug^h an ang^le of 90 tle^. 

The construction of the vci:tor dia^T;lm i^i^. <}o is 
S.5 follows : 

Draw the vertical line, B' B, to represent the pha^e 
of that component of the total magnetic flux which 
passes through the rotor. This will induce an E.M.F, 
O ^1 in thi^ rotor windings, la^g-in^ exactly a quarter 
period behind the magnetism, O B ; the* magnetiL;ii>t; 
component of ihe primary current bein^ O Cm, in 
phase with the maf^nctism. 

Now, since the fliiv entering the roicr is that com- 
ponent of the toEitI primary flux which produces tht^ 
^^Jft,viivf or I'i'SiiHtinf t.M.F,, c^^ in the socondary 
winding (the latter being cLinsidered as having no 
self-induction), the rotor current, O C.j, will be in 
phase with e,„ and equal in magnitude to f.^ 4- K» 
where R is the resistance of the rotor vvindinj;''s. 
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This secoiiJary curreiil must b^: bdliinted by an 
exactly equal biU opposite pririioi^ ^rurr^ Qt co mpouciit> 
O C,, the total primary current being O C, obtained 
by compounding O C^ and O C^* 

Of the two components of this total primary 
current, it IS the "wattless" component, O C^, which 
produces the flux through the rotor, while the com- 
ponent O C] gives rise to thi; leakage llux which 
does not pass through the rotor. Thts leakaj^e (luXi 
being' in phase with C,, produces an E.M.F, com- 
ponent O c'g in tlie primary windings only, eyactly 
OJie quKrttr of a period K*hind O Cj, 

By combining- this E, M. F, with the induced 
E.M.F. , Oc^— due to that portion of the total flux 
which passes through the rotor — we obtain O E\ 
which is the total back E.M.F. m the primary 
circuit. If we assume the r^sistatice of the primary 
coils to be negligible, the impressed primar y E.M .F» 
will be O E, exactly equal and opposite to O E' ^ the 
power factor, for this particular condition of the rotor 
at rest, being' cos 9, where fl is the aagle between 
ihe vectors O C and O E. 

(79) StarLiuff Tor<iae of Polyphase Induebloa 

■ We arc iiuylircdnt lUe lo¥*Ci in Ihe niuior, rthich woald nmVf 
O C ^tighvly yre^lcr itian oi f^blLUJicd by kUL-ans uf Lhis cuji- 
struclJon i bur, m any avii-, ibi; "w<nk'' cjinpgncnt of ihe luUl 
iiiLtf*n?tibmg curreTii. U very aiimll in n mitor in cumpflrisort wilh 
the 'V&ulcM " component, O C«. This li due 10 tbt atccjwiry aii- 
[^.L|] ; and, Ab<>riSL£ in a wt^ll dti:4[|^n«J ^LlLic traiLsfgrmer ihi: Lmi: 
miitjneliiuic cUfTent might he ahout 45 deg. in itdvnno? of i^l' 
mnijiienc miic i'iee Figs. 51 nnd 53), in n mornr, \i wuidd bt mucli 
uu-itK nearly i\\ pli^i: viih iht inagntlLiQi , TtiLi:^. ^hen ih^ ii]i>ti}r 
L* /uiiDint^ lil^I'l-i 'il Ajiidirunuu-s 4|jccj, llic *'wurt" cufiiponciit uf 
tht nn-lond priuiary cucrtriit — required la ovttcoinc fnrlEoiiol, 
winddgc, hyfilciL'^is, and cJdy-cuncnl loasca— would nol i^scevd nbout 
15 per cent, of 'Etc ^'walllcss'' coiupoDtnt^ U C;n, which 'lj ia 
p^bose wilh the uuigncliini. 
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UotOT. — Referring still to the diagram Fig. 90, we 
see tha.1 the rotor current Cri is exfLCtLy d. quarter pt^riod 
out of phase with the mag:netic induction, O E, which 
enters the ri.">ti?r- The rotor L'urreiit cannot, there- 
forCi re^iot upon this field so as to produce a starling: 
torque ; and if one phiisc only of a polyphase motor 
is connected to the supply, the mLitor will not be 
self' starting'. But it must be remembered that the 
other set of coils (O O, Fig. Sg) produces a mag-netic 
Auk through the rotor, equal in amount, but exactly 
90 de^. out of pha^e with the ^ux, B B'l due to the 
coils P P, Thi^ fluK, heinfj" in the direction A A' 
(Fi^. 90) is exactly in phtisf xm'fh tJic curretU O C;* 
r>i the TQior^ as already explaijied on p. 244, 

The starting- torque will, therefore, be proportional 
to mi&r current K nta^tettc fiux entering roiof, or, 
since O t*^ is — to a certain scale — a measure of the 
magnetic Hux component which passes throtigh the 
rotor, we ma>' write 

starting torque 0; O C^ x Ofj. 

In Fi^. 90, if the impresaed stator E.M.F. is 
supposed constant^ Ihe ends of the vectors O E' and 
O E must necessarily move on the dotted circle 
described from O as a centre, and it w^ill be an easy 
matter to study the effect, upon the srarting- torque, of 
varying' the rcsislance of the rotor wiuding^s* while 
majntaining- constant the supply pressure at the stator 
t^l■mina^s^ 

As regards the running: condition, it is evidently ao 
advantage to keep down the resistance of thG rotor 
condTvctors in order to a\oid Urge C" R losses: but 
note, at the outset, that tf Iht rvtor cotidnciors ivere 
of injiniie coftiinciivftyt ^f'f sMrh'ng hrqtie iwuld U- 
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nil. The ^matltf^i amount id magnelkc flux psKaiog 
throug'h Uie rt>toi- would g^ve rise U» an enormcRu 
current in the rator conduiTtors ; the result being tlkat 
Elie currejit C^ woiild Jinmediately ri^e to suc^ z value 




as lo cause the whole of the primary flux Lo be 
leakage magnelism , in ihe phase O A , thus bringing- 
O E' lo coincide with O B» while O ^^ would be equal 
to zero. 

The curves of Fi^. 91 have been plotted from 

.J* 
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measurements taken off Fig, 90 I tile upper curve 
shows bow the slartiTig- torque reaches a mminium for 
« definite resistance, /-. of tlit rotk?r windings, after 
which, for auy lurther increase of resistance, the 
lortjue decreases rapidly. This purtkular value 
of the resistance is such as to cause the leakage 
niiig"[ietic fluK lo be equal to the useful flux which 
paiises ihrovigh Ibe rolor. In other words, it is the 
rolor reaistancc which will m^ike c,, in Fig-, go, equal 
to e^, thus causing; the product e^ y e^ to be n 
maxfmuin. 

The reason of this is not far to seek, for Ihc 
induced leakage E.M.F., O p^, may he taken a^ hemg 
proportional to the current producing it (seeing: that 
the path of the leakag-e ma|^netis;in is largely throug-h 
^ir, which is of constant permeability). The length 
of the vector O c, is, therefore, a. certain multiple 
of the length O C^, audt instead of writing 

torque cc O c-j *< O C^, 
we may write torqua dc O t-^ x O f?^. 

With reg-ard to the resistance, thifl ia evidently 
equal to 0(?., -^OC^, which can also be written 
rotor resistance « O e^ -^ O 0^. 

The upper curve in Fig-, gi is obtained by plotting: 
the product (O ^^ x Oe^) with the corresponding ratio 
0_p 



2; the resultant, O F.' (or O E, the impressed volts). 



being- supposed of constant value. 

The lower curvL" show> the relation between current 

and resistance ; it has been obtained by plotling y^ 

as absciiSEEt with the corresponding values of O^^ as 
ordinate?. 
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It will he understood ihat hoth cur\es in Fijj- 91 
will continue to approach zero value as the resistance 
of Ihe rotor is increased. When the rotor wuiding-s 
are opon circuiled — i.i\, when R = liiftnicy — the 
torque will evidently be zero, since althoug^h the 
ma^'netic field Ihrotigh the rotor will have reached 
it.s m^iximum value, Lhere will be no iiurreiil to react 
upon it and produce a torque- 

{Set) Vector DlaETains tbr Induction Hotor 
vrith Armatare in Motion.^Wheii the atai^tlng- 
torqvic, acting- upon the armature or rotor, causes 
the *ianie to revolvo, another E.M.R isi generated 
in the rotor windings. This is the E.M.F. of 
rolation, due Co the cutting; of the alternating 
magnetic field by the rotor condui:tor*i : its a.mount 
will depend upon the speed of the rotor, and the 
amount of the magnetic flux cut by the revolving 
coriliictora i it will, moreover, be in phase with the 
magnetism. 

The vector diagram, as drawn in Fig. 90, must, 
therefore, be modified slightly, atid it will now be ah 
dra\s"n in Fig. 92, which applies to the condition of 
a motor running up Co speed. 

Let us suppose that the current in rotor — 
which will be /j7jj than at starting, on account of 
the back E.M.F. of rotation — has been reduced to 
the value represented by the length of the vector 
O Cg. The corresponding component of the primary 
curreni will be O C^, which produces the leakage 

field In the direction B^ This gives rise to the 

leakage induced E.M.F. O e^, which — as alte^dy 
explahied — will be approximately proportiontil to 
O Cj, and, therefore, of a smaller vaJuc than in 
the di digram Fig. 90. This enables us to obtain 
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O e.^ as the induced E.M.F. in roior windirg^s- 
the magnitude of tlie resulUaL E,M.F. vtftlor O E' 
remaining as before. 

The mHgfnetisJDg currorl, O C«, which has to pro- 
duce an increased flux tliroug-h the rotor, will be 
£-y&ifer than in Fig. 90 ; it wiU be approximately 
propprticiial to O e^. The total primary current will 
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be O C) and the impressed E.M.F., O K — drawn 
equal 'and opposite to O E' since we are nftg^lecting 

the C^R drop in primar^\ 

I- Now mark off O f,, in the same phase as O C„, to 
represent the drop of pressure iii rotor windings. 
(The leng-th O t> will bear the same proportion to 
O C.^ in Fig. 92 as O e^ bears to O C„ in Fig. 90,] 
This leaves (.:. t'r as the E.M-F. of rotation due lo 
Jhe conductors citiiing through the tuagnvh'c lincj 
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-which tnter (he rotor a quarivr period in advance 
of the fitix O Bh 

The action^ when runnirgi may be summed up as 
follows : 

Phase B of the simple two-phase motor indicated 
by Fig, Sc) — when connected to ihe field coils, P P — 
produceji a miign\;Uc Hux, \w the direction B' B, 
throug^h the rotor. This gives rise to currentt in all 
honzonial closed coils (such a.^ wj), ivhich are in 
fihfise tp/M t/w ifiag-'ieHc flax due io the magnt^iisitis 
curri'fd g/ phase A in the field coils O O, 

When the armature begins Ic revohe, a back 
E.M,F. is produced in the horizontal coils (such as 
ni) exactly opposite in phase to the current in these 
cotis. It tends, iherefort, to riiduce this current, 
and actually does so, until the dilTereace between 
the induced E.M,F. e^ (Fig- 92), due to the 
magrnetism of phase B, and the back E.M-F. due to 
rotation in the mag'netie field oi phsise A, lenves a 
resuTtant or eiTecEive E.\rF-, <v, ji-'^^ sufficient to 
send such a current through the armature as will 
giv£ the necessary torque. 

It will be understood thsl e?tactly the same thing 
occurs a (Quarter period later, when the same coils 
occupy vertical positions such as ja, only in Ihis case 
the field due to phase A, exciting the toils O O, 
gives rise to currents in the rotor corls, while the 
back E.M-F, of rotation in these coils is due to 
their cutting: ihrouf^h the magnetic flux from the 
poles, P R The arrangement, m fact^ is symmetrical, 
and each set of stator coiJs gives rise to currents in 
the rotor which react upon» and are ag^ain affected 
by, the magnetic flux generated by the other set of 
coils. 
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In Fig. 93 die diagram has been drawn for Ih*^ 
condition of practically synchronous speed — /,(■,. 
motor running light — the only work done being that 
reqLiired ti:» overcome the L- R losses^ in the rolor.* 

The whole of the iiidnced E.M.F. will now be in 
the direction O A', and O fj will be equal in lengrth to^ 
the vector of the impressed voUjj O E, since the 
leakage fliit Jue in the vers ■iiiiiill rolor cnrrenl, 
O Cj, may be iteg^leclcd The magnet! a iinr currentj 



^'-'f 
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C„T ^vill have reached ita maKimum value, atij 
the total primary current will be O C, only very 
slightly in advance of the magnelisj.ng component, 
O C„ owing to the comparativi^h' small value of 
O Cj. In ii well-designed motor, Ihe total primary 
current, O C, when running light, would be about 
one quarter of tbe full-load current. 

Reverting again to Fig. 92, thU diagram, if 

■ Yox aimpliciU of consimcLioQ, the primaij Joswa are stiU 
considered neglicible- 
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studied attentively, will prove verj' instructive. It 
\vi]| serve to show th^t the po^yphas*^ motor may be 
coLiiparctl with aJ\siiL:igt to a direct-current ihunt- 
W'ound moior^ the behaviour of thosi; two types of 
machines— bo ih when starting up, and when running 
under Iciad — btin^ in iiearly all respects similar. 

The torque exerted by the iirmature i^ still pro- 
puriLOna] 10 O c^ Ji O C; aniJ since O t'^ cc O C^^ the 
area of the dotted rectang-Ic O t^ E' f,^ is a measure 
of the torque, 

Ag'ain* Ihe E,M,F- of rolatlou, represented by the 
Icngrth e^ i-r. will depend upon tho juTiount of the flux 
entering thd rotor^ and the rate of cniling;, or fipeed 
k>f the motor; aud since thi: former quantity is 
represented to a certain scale by the length O f^i we 
may write 



or, 



, pq I'j. 
speed oc -±—L 



With reg-ard to the power g-ivea out by thi^ motor, 
this is Ihe product of tnrque and speed, or 

Power K torque x speed 






= (O fj X O C.) 

— O C,j X e.2 e^ 

rt'hith is a measure of the power, expressed in watte 
per phase. 

This is graphically repre^ienled by the sbadi^d 
recCaiigk { Piy;. gj)^ and, since the same coiiditionH 
occur simultaneously in phase A as in phase B, f-aiim 
the watls obtained by the above construction will be 
the total power deveJoped by thi? rotor 
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It is important to know what is the amount ctf 
^erlcad Lhat an mducli<Jii motor uill stand — apart 
from consiidcmtions of heating' or cffii:iciicv — bi^fore 
It will cense to respond to a further increase of 
load; and this point, together with the reasons for 
inserting resibtances in rotor windings for sturling 
purp(»s-t^s, will be denli wiih in the ftillowing Mrticle. 

{&■) Overload CapacitF of luductioti Motors 
as Influencod by Maenetio I^oalcage and Rotor 
Resistance, — In ihe rr>t place it shoidd b^ not^d 
that, if the ohmic rciistancc of both r-tator and rotor 
windings cciild be so small as to be considered 
negligible, the speed of Che rotor would be constant 
at all loads'^ and there would be no iimif £& the 
pt'rmhsid/t' timotiuf of ovcrfoad which the motor 
could momentiirily stand (apart from m&chanical 
reasons|, pftrMdcd there is no nmgixetic l^akag-t:. 

It is the magneric leakage due to ihe rolor 
current — on more correctly speaking, to the bitlandng 
component of the primary current — wliicli determines 
the mrtSiimmn value of this current, beyond which 
any further increase will only lead to a reduced 
torque; and since the motor will he incapable of 
responding to a further addition to the esterniil load, 
it will at this point pull up — /.c, break out of step 
and come to rest. 

If the reader will refer back to Figs, go mid 91, 
4)e will have no difficulty in, understanding this. 

The curve of Fig". 91 shows how the niaximum 
value of the torque is obtained with a certain definite 
value of the rotor current, which i^ something !e-*is 
tlian the maximum possible value tiilculaled on the 
basis of a ne^ligfible rotor resistance. This amount 

* For conbtani frequency of supply- 
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of current, cor respond in gf to ihe condition of maximum 
lorqitc, will depend upon the desig-n of the magnetic 
circuit ; it is th:it particular value of the rotor current 
whicli will miike the leakage field equctl to llic useful 
field entering^ the rotor. A larger rotor current woutd 
only lend To a wejikening of the useful field in which 
the I'otor revolves, and a consequent reduction of the 
torque, which is the CPiuac of the motor breaking out 
of step. The importance of a. small air-gap, and 
careful attention to the desigfn of slots and diapoai- 
tion of the winding-s, will now be readily understood, 
since, by keeping down the amount of the magnetic 
Jeakage, the overload capacity of the motor is 
increased.* 

Although the upper curve of Fig. yi refers to the 
starting- loi'quc with rotor at rest, the character of 
the cirrve wontd be similar if drawn to represent the 
relation between torque and s/(pf when the motor is 
running under load. 

Thus, by conneciing a large evtemal resistance in 
series with the rotor windings, so as to make the 
total resislance equal to r (Fig"- yO' ^^^ maximum 
torque is obtained at starting — i^t\. when the rotor 
is at rest and the slip, therefore. 100 per cent. 

This additional resistance must be cut out as the 
motor runs up to speedy and the actual speed 

■ Tht clcHiannc bclftccn color flnd ataiji in Tnodcm nioEors may 
be onyLliirig bel^-een ^l^ end -j";! oJ an inch, d^pi^ding upon iht 
difimeler nl" ihe lolor. For a toti>r 2 h. in diimFtfT, ihe t^eai- 
ance codli^ noL, fur mechjmical rt-n.'fftn.ii, lie safely nsde limnHer Id^n 
i^i in In very targe moLoiE it inighl even havi: lu hu J in. tn 
niQrc- 

f The slip being iht relative sp;:cd jf rcvoK-ing field ntid roloi, 
is evldcnlly eijiinl T^i ihc difference between ihe minimum |]4J>bb]i; 
fipced — /.f,, ine tpi-e<l of sj'nchroniEm, nnd the nclual iil]iiiIh.t uf 
levulutiniu per miniiLi: madi? by ihi; loCor. 
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curresixiiiding- to Ihe maximum Itirqiie will depend 
upcti llic amount of ^e^i^ti^[lce left in llii; rt'tor 
windirifs Ihcmselves after the starting resistances 
hn\c been entirely short-circuited. 

RefcTrmg ag^ain to Fig'^ gs, it will be understood 
thiil there is a certain value of the rolor current, Cj, 
for any t'^\eii motor, whii:h will make the leakage 
held equal to the xiscful licldt or the leakage K.M.F. 
coinponenl, r^, evjUiU to the useful compv»t:*int, e^; 

eadi beuig expressed by the ratio —-^p where E is 

the total back E.M.F. in stator windings. 

The length O e^ will be constant for a g'lven 
value of the vector O C^ ; but the portion O f, of this 
total Induced I-.M.F, in the rotor, will depend upon 
the resistance of the rotor winding's : it is — as 
already explained —the E.M.F. required to overcome 
the resistance, and will, therefore, he equal to 
C^ X R, where R stands for the rotor resistance. 

Hence, for a g"iven secondary cutrenl, such eis 
the critical value corre^^pondiDg to the condition of 
maKimum torque, the leogrth O f^ "^^^ be pro- 
portional Co the rotor resistance, But it ia aUo 
proportional to the slip^ because — as explained on 
p. ^57 — the rotor speed may he esprcssed by the 

ratio ^— , which is the same thing- as stating that 

the length f^ 'V is ^ measure of the actual speed, 
to the same scale as O e.^ represents the maximum 
L?r synchronous speed ; thus lea^ ing the diffirrcuce 
(O e^ — e^ Cr) or O ^v, to stand for the slip re^^oiu" 
tioj\s, or relative speed of reiadving Jit'fif tmtf rotor. 

The conclusion to be drawn from the foregoing 
ar^ments is that — although the maximum torque 
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exerted by a motor is not affected bj" the resistance 
of the rotor winding — the drop in *;peed whicli miKt 
Ljccur befhjre llie maximum Itirqiie i^i re^iclied — i.i\, 
before the machine will cease to respond to a further 
increase of load — depends upon the rotor resiitance, 
aiid, indeed, this dfop in nfxred, or percentage s/ifit 
is f/i?vcNy proportiofial to the resisSancs of the rciof 
laindiugs. 

KxBinpky — If this critical value of the rotor 
current is loo amperes per phase, and the induced 
E.M.F. {f^j per pha^e ih is volLs, a rotor re^islanee 

of — - = "12 ohms would result tn the maximum 

lOO 

torque being; exerted at the moment of starting: — 
i.€.^ when tho speed - o or slip — loo per cent 
Bui if we reduce this resistance to -06 ohms, the 
maximum torque will be exerted when the speed 
is one-haif synchronous speed (slip — 50 per cent). 
If the resij^tance \s unly ont - sixth of the above 
value — i.e. , "oa ohina — the breakdown speed would 
be fi^e^sixlhs i^i syuchronous speed (slip — one- 
sixth). 

The curves of Fig. 94 have been drawn to illus- 
trate this point. 

Curve A would apply to a motor without any 
external resistance in rotor ; it refers to a machine 
which would break out of step when the slip rciithes 
a vaJue equal to 30 per cent, of synchronous speed, 
or five limes what we have suppo-sed to be the *^llp 
at normal full load [4 per cent.) : the maximum 
torque being — in this example — a little over three 
times the full-load torque. 

If the resistance of the rotor wmdings is increased 
in the proportion of 5 to a, the maximum torque 
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i(i^ to curve A, we obtain curve C, which shows 
how the torqLia would increase with the slip until 
the maxunum value was reached with the rotor at 
rest (sJip = loa per cent. ). 

It should be noted that, fcr small values of the 
slip, the curvet A^ B, and C ara practiLatly stnugrht 
line*i, and, for tills reason, it \a always sHfe to aHNume 
that the slip is directly proportional to the ton^Lic fot: 
all values from zero up to the rated full load of an 
iuducLiDn motor. 

We have seen that the torque is proportional to 
the product of current, Cj, and E.M.F. {e..} induced 
in rotcr» because the latter is evidently a ineaiiurc 
of the mag-nelic fteld in phase wtth the rotor current. 
Hence 

Let us now. multiply and divide this expression by 
Cr (the E,M,I\ required to overcome rotor resistance); 
thi;^ mahes no diff'erence to the result, and we ^tiixyy 
Lherefore, write 

torque cc Cj X ^r *< -* 

or, (erqtte cc C^ x e^ -^ — , 

But note that Cj x e^ is the C^ R loss in the rotor, and 

^— Is the slip" which g^ives us the expression 

C^ R loss in rotor 

iorque =K. — ^-- . 

slip, 

Tlie conclusion to be drawn Is that, for tt ght'tt 
sli^t the torque e>Lerted by an induction motor is 
proportional to the sqi^ire 0/ the roicr curreaf. This 
WL-ftr I • Tt. aCc if llii!i is mH cltar, 
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cvin'ciU wifl be constant for u given impressed 
E.M.F. at staler lerminals ; but if this be varied in 
aniDimt^ the severLi! componciils, Py Cj, and e^, will 
be ultcrcd in a like manner,* und since the rotor 
current, C^, is directly proportional to e, it is 
equally correct to state that, for any given vjtJue of 
the slip, //if torqne is pri>poftioriai to the square &f 
ilm npph't'ri pifftn/i'uf tiiffert'ttct' . 

Although it is the ma:timum iorqut^ which deler- 
mines the speed at which the motor will break down — 
i,e,t fail Co provide the increased tiirning- effort 
demanded by si further increase of load — it does not 
follow that this particular speed corresponds with 
the greatest possible ouipui or brake horse-power. 
The maximum output would occur at a somewhat 
smaller slip ih^n that whidi a'^rresponds with the 
breaking-down point ; because, although the fofi/ue 
may continue to increase, the speed is being 
reducedj mid the maximum value of the product 
sptrd > ivrqu£ will occur before the torque has 
reat^hed its miiKimum possible value. 

This is cleady shown by ihe dotted curve in 
Fig' 94i which has been plotted to show the 
relation between speed and power for the particuJar 
rotor resistance corresponding to the curve B. It 
will be seen that the maximum value of this 
dotted curv'e occurs with a ripec*d of 75 per cent. 
(slip = 25 per cent.)* whereas the raaKimum value 
of the torque curve B occurs al a ?^pccd of 50 per 
cent, of synchronism (slip — 50 per cent,).f 

■ Vi2T Wd are iliU suppcfiTUg Ihe ^lip, nr ihe ralio af g,. lo g^ lo 

^ The ovffl-lofld CApacity of a polyphasp niolor jutl beTon^ fnlling 
oul of step utjulil, in pracuce, Ijl' mimelhing lielw^en \-mcti M rhree 
litne^ or c\Tn four limes the ratLtl maxiniuni load 
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.nether conclusion to be drawn from a study of 
ihe foregoing" diagrams (see F']^. yj) is Ihjit the 
speed Gj the motor is practically independent tif the 
tipplifd pofi'tttiiil difference a£ sf/i£or terminnh. If 
this pressure is increased or reduced, the diag^ram 
Fit*. 9a will remain as drawn, and il will be merely- 
necessary to suppose the scale tiy which -aW The 
vectors are measured to vary in a corresponding: 
manner. The speed — i,e., the ratio of e.^ Cr to O e^ — 
will, therefore, remain as before '» and ;ve have here 
another point in common betweeu the induction 
motor and the dlrect-ciLrrent *ihunt -wound molor. 
If the iron In the magnetic circuit be supposed 
unsaturated, any increase in the pressure at terminals 
will give rise to a proporlionafly increased magnetic 
flux, and, therefore, the satnc speed oi rotation of 
Ihe armature conductors will suffice to produce the 
necessary back E-M.F. The same arg-umeni applies 
to the induction motor. 

(Sa) Qeneral Conclnslona Regarding Magnetic 
Ijeaka&« in Induction Motors.— The objeciions to 
the leakage m^aetism, which is produced by the 
stator coils, but fails to pass through the rotor, are 
fairly evident. 

This dissipation of magnetic fluXj which cannot be 
utilised, ]ead*i to a reduction in the overload capacity 
of the motor, and a diminished torque, for a 
given slip, at intermediate loads. It aTso reduces 
the power factor, and even the efficiency, since 
it involves increased hysteresis and eddy-current 
losses in the iron cores and ueighbouring: melal 
work. 

The primary magnetising current is usually between 
20 to 30 per cent, of the normal full -load current. 
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and it should clearly be the aim oF the desig-ncr 
to keep it a*i low as possible. 

The chief remedy for leakage troubles in itltenjaLing- 
curreiYl motors, and other alleniating^-curreiit appa- 
ratus, is to work with currents of fow periodicity ;* 
this permits of a reduction in the necessary number 
of poles in the motor for a g^iven speed of rotatioo, 
and also allows of ?nghcr inductions bein^ itsnd in 
the iron cof^s. This is a distinct gain j and in many 
cases where improvements in the working of alter- 
nating - current apparatus are attributed to the 
adoption of reduced frequences, the improvements 
aru not lo be accounted for by the reduction of 
frequency per Jtf, but to the fact that the inducUon 
in the iron cores has been increased. 

The following considerations will make it clear 
that, with a view to keeping down the percentage 
leakage loss, it is advantageous to make the magnetic 
induction in the iron as high as possible ; although 
it must not be overlooked that, for a given frequency^ 
the practical limit in this direction is set bv the 
amount of the hysteresis and eddy-current lossesj 
which increase largely with the higher inductions : 
but by keeping down the frequency, higher inductions, 
arc permissible. 

Let B, stand for the maximum value of that com- 
ponent of the total induction in primary core which 
passes also through the secondary or rotor wind- 

' The evpcnK of working at Tcry low frc^^ncncies ii, hcweTer, 
CTJ^at ; tfipecially ^^hej] sialic InmsTafnifis are uisd— us i» very often 
the case — fo» mi&in? and lowering ihe pretsuie nt both cmja o(" a 
itan^mifiaian line, indiiclion inotrtrs work well al i fiftjuency of 
aj, l}ut amy be ustd on CJituiia of jjeiiodidLia ap lo 60. TTit 
standard ^dopled b^ one luge Conlinenlal firjn Is 40, as thib 
allows of the uat; of iDcandoaa-m lightiDg, and even ate Umpa, otf 
the same ciicait. 
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iiigfs, and B/ = the ma\imum value of the leakage 
component of the total induction in primarj- core. 

Then, nsj^uming' the resistance of the path of the 
leakag-t lines to be constant, we may write 

B/ cc ampeFc-turns tending to produce [eakag^Cf 
« T X Cp 

where T = the number of turns in the primary or 
5tator \^"inding^ and C^ = the m-iin component of the 
primarj' current. And since the mean back E.M.F. 
in primary, due to leakage [the vector O e^ in the 
Last few diagrams), is proportional to B/ x T x «, 
where w = the frequency, it follows that we may 
write 

rom which we see Ihat the mean value of the 
" leakag;e volts " for any g-iven arrangement of 
the magnetic circuit is proportional to the square 
of the number of turns in the winding", and to the 
current, and to the frequency. 

But as It is not the aL:tuaI v-ilue of the leakage 
E.M.F. with which we are now^ concerrcd, it will be 
advisable to express this as a percentage of the 
mean E.M.F. available for generating current in the 
secondary circuit. This last will bo proportional to 
B, ^ T y f J ; and if we divide the actual "leakage 
-F." by this amount, we obtain the eKpresilon: 



Percentage back E.M.F. due to leakage 



CiC 



cc 



B, T« 
B, ' 



It followb from this that, if we consider a trans- 
it* 
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■former on a oon -inductive load, Ihe pt-trvntagr back 
E^M.F. due lo leakage i^ independent of thf 
freijueiicy, bur U inversoly proportional u> rbi.' 
induclion in the core enclosed by the secondary 
windinjr ; ruid since the induction motor may be 
ieg^ard^l as a Lraiisformer with short - iztrtuiled 




Fig. 95- 



secondary, the above reasoning' is applicable to thfs 
special form of altemating'-current transformer. 

(83] Complete Vector Diagram for Folypbase 
Induction Motor, — Up lo Lhe present ^e have 
supposed the stator or primary winding to be of 
negligible ohmic resistance, and it will, therefore, 
be advisable lo obsen-e briefly how the problem is 
influenced by taking this resistance into account. 
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Fi^v 55 's l^he complete diagriiin for a polyphase 
induction mt>tt>r. It differs in only two respects 
from the diagram Fig. 52. lo the first place, the 
niHgnetisIng current component, O Cut, lias been 
drawn rather more than 90 dcg. in advance of the 
induced E.M.F., e^, so as to take into account the 
small " work " component of the total primary 
current, required to provide for the hysteresis and 
eddy-current lo'i'iM. In the second place, another com- 
poueul, O Er^ of the primary impressed E.M.F. has been 
t.ikcn into account. This is the component required 
ro overcome the resistance of the stator winding's. 
Tbe construction of the diagram Fig;. 95 is exactly 
imilar lo that of Fig. g^ up to the point of obtain- 
ing^ the primary vector O K, (corresponding ro O EI 
of Fig. qz) ; bu t wc have now to odd another 
component, O E,_ — equal to C M R, where C = the 
tal primary current, and R = the primary resist- 
ance — in order to obtain the required potential 
difference, O E, at stator terminals. 

The introduction of this component of the primary 

.M.F. leads to a reduction of the ang'le t^, and, 

erefore, an improvemf^ni in the power factor; buC 

here is evidently no advantagfc in increasing; the 

I power factor at the cost of addiCioniU ^oiisicd energy, 
A liigh primary resistance cannot be otherwise than 
bbjcctionablc ; it absorbs a certain amount of ener^ 
which WiMiTd otherwise have been available for doing' 
Ljs^Ii-lI work. 
[ (84) Eificiency of Polyphase Motors.— TJic two 
■haded paralle log- rams in Fig. 95 respectively repre- 
sent the power xvhich is supplied to the primary 
terminals, and that wliich is transmitted to the ihalt 
tbe revolving rotor. 
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The power, per phase, supplied to the primary 
lerminai*^ is E « C < cos d, and it rs proportic^nal 
to the area of the paraJlelt^ram conslnicted o n one 
of the vectors, O E, with the other vector^ O C, 
moved round through an angle of go deg. 

The power given out by the rotor is C^ it e^ /cjj 
the C^ R losses in the rotor windings, ot 
Cj X ((?j — Vf), and the efficiency will be the ratio of 
this la&t quanTity to the power put into the motor 
at primary terminals. 

The full - load efficiency of commercial polyphase 
motors will vary between 75 per cent, for small 
sii!es and 90 per cent, for large sizes; and it will 
fall off somewhat on an appreciable overload. 

Tho follovvhig table, complied by the author from 
figures referring to a large number of three-phase 
motors of A-arious makes, may be of use as indicating 
the average full -load efficiency and power factor 
likely to be obtained with thi^ clas5 of machine : 
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The figures given for Ihe power factor may be 
considered as being somewhat on the low side, as 
they refer to machines working at a periodicity of 
About 50 ; and* with lower frequencies, such as 
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35 cycles per second, slig-htly better results mlg^ht 
be expected. 

{S^} Methods of Meafinrlner the Slip of 
Induotlon Motors. — One of the most iinportanl 
factcrs to be measured when testing: aii induction 
motor IB the «lip, A large slip for a g;iv^n load [s 
iiu indication of largfe losses in the rotor windings. 
We have already seen how the slip, lor a given 
torqne, i« proportional to the resistance of the rotor 
windings. It hiis also been explained in connection 
with the vector diagrjims (see, for instancCf Fig. 95) 
that the slip, expressed a.'i a fraction c^f the 

synchronous speed, is — » where Cp. stands for the 

volts required to overcome rotor resistance, and f^ 
is the E.M.F. induced in the rotor (the difference^ 
C.J - Cr, being the back E.M.F. due to rotation in 
the magnetic field). 

Now, it is evidently equally correct to write 



perceuttigG slip = 100 x 






which amounts to defining" the slip as the ratio of 
rotor copper losses- 10 the total povvt^r supplied to 
rotor by induction from the primary' circuit, 

li, therefore, we know the rotor re^iistance and 
current, we can calculate the shp. If the rolor \» 
■of the squirrel-coffc type, the equivalent resistance 
can be ascertained as follows: 

Clamp the rotor so iis to prevent rotation ; supply 
a low pressure to the stator terminals untd the 
required primary current is obtained: measure the 
total power supplied to the pnmar>'^i and deduct 
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the calculated C^ R losses in ^tatar \riiidT.[ig"S. This 
leaves a quantity representing willi suHicienl atiLu- 
racy Ihc C- R losses in the rotor, corresponding to 
a di?fiii[ce primary i?i.irri?nt. 

Evidently the slip could be measured by taking 
i:.ireful reading's of the speed when runniugf light 
{sydchroncus .speed), and^ ag^ni, when running 
under load. The difference would be the slip : but 
a*i this is a very small quantity relatively to the two 
^peed measure men ISt the InaccuEaey and disadvantages 
of such a iJieUiod arc obvious. 

Sometimes a small synchronous motor is used to 
give the exact speed of synchronism at the moineni 
when a reading is taken ; and it would be an easj' 
matter to devise a counter which would directly 
indicate the d(ffc'rfricf between the speeds of the 
synchronous motor and the motor under test ; 
indeed, it is nut improbable that &ome such device 
has actually been put upon the market* 

But a number of satisfactory methods of ra^easuring- 
the slip will suggest themselves to anyone wUb a 
little in^fcnuity who cares to study the question- It 
will be sufficient if we confine ourselves to briefly 
describing two very useful methods, 

Imag'irie a small contact stud fixed to any con^ 
venienl point on the rotci", in such a position as to 
momentarily close an electric circuit once duriug- 
each revolution. This eircult should be connected^ 
through a voltmeter, to the same source of supply 
as the stator windings {see Fig. gG)* If the motor 
weri» running- at syncbyonous speedy the indication 
of the voltmeter would be steadily of the same value* 
since the local circuit would always be closed at 
exactly the same instant in the cycle of the supply 
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pressure. Cut if the machine is runniug at sonnc- 
thmg; less thfin ^synchronous speedy the pointer of 
the vohmeltr will take up a switiging motion. This 




Fio. g6. 



is due to the local circuit being: closed 3ach con- 
secutive lime slijrhtEj' laler in the E. M. F. cjcle ; 
and every double iiscillalion of the pointer will 



a74 POLYPHASE LNDL'CTTON MoToRS. 

correspond lo one complete wave of alternating 
E.M.F., thus indicatiDg^ Lhat — duriug- (he lime of 
one such double swing" — the rotor is behind the 
position it would have occupied if synchronous^ by 
twice the angle ^iiibtcnded by two consecutive poles 
of the same phase. By coanttng- the number of 
tlouble swings per second, and t^tviding [his by the 
(known) frequency of supply, we g^et the perceniagie slip- 
Methods based on this principle have g~iven most 
satisfjictory results. Sometimes a telephone receiver 
is used in place of the voltmeter, with advantage. 

Another excellent and simple method of measunng- 
the slip consists iu lixing to the shaft of the motor 
a circular disc having: equally spaced black and white 
segments painted upon it^ the number of esch colour 
corresponding to the number of pairs of poles per 
phase in the stator. 

If this is illuminated by an arc lamp connected to 
the same source of supply as the stator, the disc 
will appear to revolve backwards ; and the number 
of apparent revolutions in a given lime will be a 
measure of the slip. 

Thus, if ^ = the number of pairs of poles per 
phase, Hud // t* the frequency, and if the number of 
apparent revolutions be counted during a time equal 

to loo X ^ seconds, this number would represent 
n 

the percentage slip. 

As an example, suppose ^ = 8 and « = 40. Now 

count the number of apparent revolutions of the disc 

during a time equal to 

f.ooo y ^ = 300 seconds, 
40 

= 3 minutes 20 seconds : 
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let us say Ihat 3S apparent refolutions are observed 
in this lime ; then the slip corrEsponding to the 
particular load ccnditions under which the observa- 
tion was made* wt>uM be 3"S pec cent.* 

(S6) Circle Diasraims. — Although the vector 
diagframs previously u&ed are useful for explaining' 
the principles underlying the behaviour of induction 
motors, the construction for obtaining the primary 
ctirrcnt and power factor for various values cf the 
rotor current is leng^thy, and, moreover, in the case 
of Fig. 95, where the primary resistance is taken 
irfo account, a correction has to be made so as 
to reduce all results to a constant value of the 
impressed volts, E. 

It Ls true that this correction merely amounts to a 
simple proportion sum, deterniiiiing" Ihe siidt by 
which the various vectors should be measured ; 
but, as will be seen, the circle diagrams (originally 
introduced by Mr, Alex. Meyland) have much to 
recommend them, and are very convenient to use. 

In its simplest form, the circle diagram is as 
drawn in Fig, gS. This applies to au induction 
motor in which all C" R losses in the copper, and 
hysteresis and eddy -current losses in the iron, are 
supposed to be so small as to be negligible- 

The corresponding- vector diagram, in the form 
with which we are already familiar, has been drawn 
on page 276 (see Fig, 97]. 

It will be seen that Fig. 97 is practically identical 
with Fig. y2 (p, 2^^]t hut it \v.\s been re-drawn so 



* For a dtscripliDn <if nn ingcniou.i direct-reading inUicator un 
Ihe B^>.kVe principle, see article by Mr, C, V, Di)'M.lale in ihe 
Rietirtriett of Aug^ 35^ 19^5. 
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as to facilitate direct comparison with the circle 
diagram. 

There is a definite rela tion b etween the length of 
the rotor current v ector, O C^, and the magnetising- 
current component, O C^, which may be deduced as 
follows : 

The secondary E.M.F,, or volts induced m the 
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rotor, wi3i be proportional to the amount of the 
magnetising current,* or 

where k,n is a constant. Moreover, the leakage 
volts, e^, are proportional to the rotor current^ C^, or 

where k^ is another constant. 

• The m^neiic circuit b suppcsed lo be of constant per- 
meabJHcy, and, therefore, ihe amount of the m^nelic induction is 
proportional lo the current producing it. This assumption ia 
justified on accouQl of the comparatively low induciions used in 
the iron, and the relaiive importance of the air-E^p in the total 
resistHnce of Ihe magnetic circuit. 
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A third condition is thai 



+ ^u 



E^ 



where E stands for the impressed voltage, and is, 
■therefore, a constant. We shall assume, for con- 
venience, that E (s equal to unity. 
This enables us to write 



A^E 




Fig. 98. 



or, 
Hence 



c«* W + C,' *2= = I. 



It will simplify matters if we put figures in place 
■of the two constants- 
Let us suppose that ^ = J and k^ — y'^, then 



C«* - 4 - 



Co^. 



100 



There is, of course, another equation which g-ives 
us the total primary current, C, and this is 
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because the Iriang-Te O C C«, (Fign 97) is a right- 
angled one, of wh[i::h O C [s the hypothenuie. 

Now consider the diagram Fig. 98, Draw the 
vertical line O E lo represent the phase of the 
applied E.M.F. and on O B — at right angles to 
E — make O A equal lo the maxinmm possible 
value of the magnetising current (O A = 2 E, since 
f fl » o and e^ — E) and O B equal to the masimum 
possible value of the rolor current {O B = 10 H, since 
f , ■■ o and fj — E), 

On A B and O A as diameters, describe the semi- 
circles ;is shown. Then, for all intermediate values 
of the primary current, the end, P. of the primary 
current v ector, O "P, will lie on the larger circle. 
The line P M represents the rotor current, while 
O M is a measure of the magnetising component of 
the total primary current, O P. The angle E O P 
is the angle of Ijig, the cosine of which is the 
power factor; and the phase relations of the other 
two current components are also correctly shown 
relatively to the pressure vector. O E. 

This diagram correctly reproduces the conditions 
of Fig. 97, although in a somewhat different form. 
That the same relations ntill hold good between the 
various current vectors caii be proved as follows; 

The square of the rotor current is C^^ or (P M)^, 
and it may he written 

(PMV - (P A + A M)^ 

But, owing to the particular values of tte constants 
^ni £^d A( that we have assumed, 

A B = 4 O A, 

and P A ^ 4 A M 
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[sincQ the triangles O M A and B P A are similar). 
Hence 

(P M)- = (5 A M}\ 



Cr 



d, to express this in terms of the 
current, C,,, (or O M), we ha^e 



magnetising 



(O M)'^ + (A MJ' = (O A)' 
C„.= = (O A)^ - (A M)-- 

- (O A)^ - (^ 



PMy 



Now. witli our assamption of E = i and Cm — z t.^, 
the mascimum value of the magfnetisiiig current 
(when e^ = E) will be 2. Hence 



^ 



C 2 



which is exactly the same relation as deduced froni 
the vertor diag^ram Fig. 97. 

It is interesting: to note that the maximuni 
pOEJilble power factor — i.i'., the smallest anfjlc & — 
occurs when the pnmaTj' current vector is tangential 
to the la.rg'C semicircle, as Indicated by the dotted 
line, O Pj, and this shows very clearly the bad 
effect, as regards the power fac£L^r> of a large air- 
g-ap and resulting- magnetising current, O A, and 
of bad design generall3', leading to a large leakag^e 
field, or increased ratio of O A to O B» 

If a krger air-gap were to reduce the leakage 
magnetism due to the rotor current proportionately 
to the increase in the mag^netising current, the 
maximum possible power factor would not alter ; 
but this is not whitl one winild evpeci, and. 
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inde^i from actual losis made by Mr- B. A. 
Bchrciid, Ui€ i^fTect of cnl^rg^ing the air-g^ap of fui 
«xpcrimeitCal induction motor was to in crease the 
magEictisiDg curreiit in the ratio of 3 Lo 7, while 
the sbort-cifcuiud rotor current |rotor at rest) cnl> 
increased in the ratio of 3 to 3*4 '. thus showing 
ih« importance of keeping the air-gap as small as 
mechemical considerations will admit. 

(87} Circle Dlaffraia Taking I^ossei Into 
AoC4>ant. — If we iire to take Into account the iron 
lo^es and the resistance of the stator coils, the diagrajr 
Fig- t*8 would not be strictly correct ; but it will be 
found thai the end, P, of the current vector^ O P 
still mc?ves upon a circle, as the load on thi? motor 
is raricd. 

Referring lo the complete vector diagram Fig. 95 
(p, j6S), It will be noted that the impressed E,M.F., 
Et is no Longer exactly equal aod opposite to the 
toliil back E.M.F,, E,; but, owing to the resistance 
of ihe primar^'^ winding, it is greater than Ej, and 
the phase anglct ^^ between total current, C, and 
ir>pressed volts. E, H smaller than it would be if the 
primal^ losses were inappreciable- 

The other point of difference between Figs. 95 and 
■97 (or Fig- <}2) is that the magnetising component 
(O C«) of the piimary current* is now more than 
90 dtfg-, in Advance of the rotor current, O C,; 
ort in other words, the angle C C^ O m the 
triangle O C C« is something greater than a right 
:»nple. 

VVe may, however, assume that this angle — 7'.*'.. 
the pltase di^i^'rcnce between magnetising and rotor 
curreuis — -remntns constant under »l] conditions of 
loft»l» Qnd the two chief difTereDces between the circle 
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diagram Fi^, 98 and the corrected diagram Fig. 99 
may be summed up as follows : 

J. The vector of tlie no-load magnetising' current 
{O A), in the corrected diagram, is no longer at 
right angles to the pressure vei^tor (O E), bnl makes 
an angle E O A with the vector O E» "which is less 
than 90 deg., and corresponds with Ihe actual 




Fig. 95- 



measured power factor when the motor is running 
light. 

2 The constant angle of phase difference, 
(O M P), between rotor current and magnetising 
component of primary current, is somewhat greater 
than 90 ileg-y and will depend upon the iron losses 
in the motor, 

The diagram Fig. 99 has been constructed from 
measurements taken off Fig< 95, this latter diagram 
having been re-drawn for various values of the rotor 

irrent, and the results all brought to a common basis 

^9 
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of compuHson hy Mjpposmg ihe fmpresfted vt^lts O E 
to remain uf ^ ci>nstaiit v<iluc. It wiJl be seen that 
the ceiilres, C aoJ D, of Ihe cw*> semicircles uo 
longer lie on tlie Uiie O R. al right ang'les to O E, 
bat above Ihis line;* olhi^rwisc the diagram is very 
f.imi1ar to Fig. 98, 

The mAA-imum possible value of the primary current 
will be O P', which corresponds to the condition of 
starting (roior at rest), and ^the exact position nf 
tlic point P' on the arcle will depend upoQ the 
amount of resistance in the n>/cr wincJings- The 
vector O P' has been drawn en the assumption of a 
reasonably small rotor resistance — which would result 
in u loss of prttsSLiri* somewhat less than that repre- 
sented b> the lengtli O cr in Fig, 95 — bnr, with an 
increased rotor resistance, the final position of the 
primary' current vector would be on the circle between 
P' and P ; as, for Instantje, at P*. 

To construct such a diag-ram which shall represent 
the behaviour of an actiuJ motor. i[ is only necessary 
lo have the same particulars as would be required 
for the construction of a vector diagram of the kind 
drawn in Fig-- 95 {because the circle diagram is 
merely another form of this g-eneral diagram) ; these 
particulars are ; 

I. The no-load current and pressure and true 
power* 

i. The current and pressure and true power with 
rotor shorl-circuileil, and at rest. 



• In Ml* HcylainTa ciriEiiiiil descripUan oF hb circle dinEi-am 
{!»« £i-/ftiraFt Elutriqm, Julj- 14, tgoo) he makes ih*! centra oT 
)Ke large oicle fall on Ihe Imi? D B, al righf angles Ij Uic 
preafiiire vi^cicr ; tmi ihli ^ti]l nut be Ibuiil lu |;ive resuli^h in itrici 
dccoiduice villi Ehc dpta Dliiaincd fruin ^(.-Cuul Lcal5. 
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3. Tlie resistance of the primary windings per 
phasic. 

It 15 nol proposed to take up smy further ^pace 
here m order Lt> explain liow llie diagram may be 
drawn from the above particulars \ but if the reader 
cares to follow the mutter further, he is referred to 
Note 4 at the trnd of the book. 

(SSj Metboda of Starting: Induction VSoIotb.^ 
To start yii induction motor by mertly closing^ the 
switches on the supply cErcuitj and so instahtancoasly 
ccinnectii>K the terrninals to tbe full ^%upply pressure, 
is evidenlly uusatisfactoiy, on account of the very 
large tush of current which would occur ; and, if the 
motor has to run up under load^ this abnormally 
larg^e current mig;^ht continue for an appreciable time. 

Such a method of starting would only be allow- 
able iTi the case of very small motors, akhou^h 
It IS sometimes adopted for machines as large as 
10 b.h,p. 

By reducing the pressure aci^oss terminals at the 
moment of switching on, by the introduction of 
resistances, choking coils, or transformers in the 
primary circuit, any size of motor, with shorl- 
drcuited rotor, can conveniently be started up, 
proiudad no great starting iorque is required; that is 
to say, provided the motor has not to start up 

ainst a heavy load. 

The method almost universally adopted for starting 
rnotcrs under load consists in providing- the motor 
with a ttfoi'iid rotor, the three sections of the 
u'imling having their ^tartin^ ends connected at a 
common jimction, while their finishing- ends are 
taken to three slip rings, from which the current is 
collected by brushes in the usual manner. These 



brushes are cc>iinected (o the three sections of a 
variable non-inductive resistance, which may bit of 
Ih^! h'quid type, or made up of wire spirals joined 
up to i\ simple type of controller having (?^ay) half 
a dozen contacts on each of !he three regulating 
iirms. The other ends of the three regulating 
resistance!* nre ;ill permanently connected tog-ether. 

When starting up the motor, the controller handle 
is moved to the positiou where the three rotor 
circuits are ofi^n — i.e., the resistance in series with 
the winding's is infinity. The stator turrent is then 
switched on under full pressure, and the controller 
handle moved forward so as to close Che rotor 
circuit throug-h the resistances, which are gradually 
cut out ys the machirie runs up to speed, unti^ 
when full :$peed is attained, all external resistance is 
cut out, and Ihe rotor windings are left shorl- 
drcuited upon themselves. These operations are 
equivalent to Inserting; a starting* resistance in series 
with the armature of a shunt-wound direct-current 
motor; and almost any starting torque can be 
obtained in this manner, as will be evident if the 
reader has carefully followed article 79 and under- 
stood the meaning^ of the curves in Fig. gi. 

It has been shown how^ by suitably incrcasinfi^ 
the rotor resistance, the torque, tpj/A ro^or a£ resi, 
may be increased up to the maximum torque which 
the motor can exert under any conditions of 
working ; whereas, if the resistance of the short- 
circuited rotor is small (which it should be» for the 
most economical rtinnittg conditions), the torque at 
?iiarting, without the introduction of home eKternal 
resistance, will not be equal to the maximum 
possible torque, although Che current taken from the 
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supply mains will be ^rvti/er than that whifh pa; 
whe(i a starting resistance is inserted. 

Il hrtii nkL^ b^en explained how ihi;^ <^tfect ts due 
to phase displiicenienl between the rotor currents aod 
the mag'netic licld upon which they react ; and it is, 
therefore, net priiposed to dwell any lcng"er upon this, 
the most general and salisfactary method of starting. 

With regard to the other method already referred 
to— namely, reducing llie supply pressure Ht starting 
before connecting- the motor to the circuit — perhaps 
the most approved wj*y of efTecting this is by mean*, 
of aulo-lraiisformers. 

Fig. loo shows the connections to a thrce-phaie 
auto-transformer, such as would be used for a three- 
phase induction inotor up to about 15 b.h-p. size ; 
the arrangement for larger motors being similar^ but 
It is llien advisable Lo arrange for two or more 
tappings from each of the transformer windings, so 
that the pressure may be increased gradually, instead 
of throwing nver suddenly from The reduced starting 
pressure to the full line pressure. 

As shown in Fig- 100, the aoto-trans former consists 
of the usual magaetic circuit of laminated iron ^ but, 
instead of there being two distinct sets of coils as 
in the ordinary transformer, each Hmb carries only 
a single continuous winding, with a connection 
tapped olT at a suitable interirediate point. By 
carefully following the connections on the diagram, 
il will be seen that, when the three polts of the 
starting switch are closed on the lower set of 
conlacis, the three transformer windings have their 
free ends connected to a common '"neutral" bar; 
and they will consequently act merely as choking 
coUs, or as ilie primaries of a Ihree-phase trans- 
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former with open secoodary circuit. It will be 
Tiotii:ed, however, that the tappiiigs from somewhere 
about the centre of the windings g"0 directly to the 
terminals of the motor, which, iastead of receiving 
the fuU line press are, only g'et a reduced pressure, 
^lepending iipon the ratio of the number of tnrni^ 
comprised between tlie points A and B, and the 
total number of turns on each limb of the mag-netic 
circuit. When the rotor has attained a fairly hi^h 
speed, the switch is thrown over to the upper, or 
ruTining- position, thus shorucircLiitlng- the portion 
A B of Iht winding, and leaving the motor terminiils 
connected directly to the supply, 

It has already been shown how, if a large starting- 
torque is retjuired, it is necessary to increase the 
rotor resistance beyond the value which wou[d prove 
econcmical, or even possible, for continuous running. 
Many ingenious methods have been suggfeated for 
accomplishing; this end vvithout the use of sliding* 
t:ontacts and external resistance coils ; but nearly 
all the methods sugfg'ested arc costly, even if they 
do not lead to undesirable comphcations, ll is not 
a difficult matter to dtvi*^e a machine having two 
rotors coupled tog-ether, which would be capable 
of everting a large starling" torque. One suggested 
arrangement is to have two rotors, one of high 
resistance and the other of low resistance, coupled 
rigidly together, and provided with a movable siator. 
Such a machine would be started up with the staler 
poles over the high -res 5 stance rotor, and as the 
speed increased the stator would be made to slide 
in a direction parallel to the shaft until, when 
full speed is attained^ il would occupy a position 
immediately over the porlion )j\^ Ihe rolor wjih the 
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heavy, or iow-re*ii stance windings. A machine of 
this type- however, is only lik«[y in be of commercial 
value in vory exceptional cases.* 

The induction motor wiih " squirreNcage " roLor 
is undoubtedly the simplest and the least likely to 
lfli»* trouble when entrusted to iiusbilled hands, and 
nEfc« method of sUrthig up sulHi h mnchine hy 
merely closing the switch connecting the stator 
windirigji 10 the supply has much to recommend, it. 
It IS possible Lo start comparatively lar^e motors in 
this way, if the abnormal rush of current when 
smtehiny on is not too serious an cbjection : 
moreover, for cerlarn conditions, where the hig^hest 
efficiency i^ not impi>rtant, and where heating 
trnuhles are not likely to arise, it is possible to 
deliberately de&ign the rotor with a comparatively 
high resistance — this being usually provided in the end 
rings to which the copper Lrunductors are connected. 

It would also be helpful, in motors of this 
dasfripti^M, to provide a tleicible or spring coupling 
between the rotor ^haft and the loiid, as this would 
permit of the rotor getting up a certam velocity 
which would increase the effective turning moment 
at the instaEil of starting. 

lu conclusion, it will be seen, on referring* to 
articTe 82 (p, 265), that, by keeping up the induction 
in the ironi the starling torque, for a gtv'en 
arrangement of the windings, will be greater than 
with low ludutlions. If the best starting results 
are to be obtained, particular attention must be paid 
to the question of magnetic leakage (which must 

Tut 4 brief huuiLiii'iy uf some si^gesied ineVhiid^. li-tjcUn;: -n'lili 
a dcKiipdcuL uf a inachinc dcvisctl by Mr. Fiank Lewl^^ ice ihn 
EJeclricaf I^,-vis^'t p. 1 ,044, June 30, J905. 
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be kept as small as possible), and Ihe resistance 
of the siaior njitniings must be small, otherwise Ihe 
effective E_M,F. which determine^i the amount of 
the magnetic flux may be confide rabij" less than 
the potential difference at stator terminals. 

(89) Speed Kesulatlon. — The analogy- between the 
induction motor and the shunt-wound direct-current 
moiorT has already been pointed out ; both are 
essentially consianc-speed machine!>, and it '\s usually 
uneconomical to use them for variable- speed work. 
A reduction of the supply voltage does not meei 
the case* because, although ihe required back 
E.M.F. is smaller than with the normal supply 
voliJ-ige PCross terminals^ the mag-netic field through 
the armature is also reduced, and approximately the 
same speed is required to produce the (lower) back 

There are two ways of regulating the speed of 
a shunt - ^vound direct-current motor; (i) inserting 
resistance in serie?i with the armature winding", 
while Ihe full voltage is maintained at the terminals 
of the field windings ; [2) inserting* resistance in 
aeries with the field windings, while the normal 
supply voltage is maintained across the brushes. 

By method (j) the magnetic induction remains 
constant* but the necessary back 12.M.F. will depend 
upon the value of the resistance 10 series with the 
armature. If ihis is such as to absorb, say, 25 per 
cent, of the total supply volts, the required back 
li,M,F. will now be 75 per cent, of what it would 
he under the full v'oltag^e ; the result being^ that the 
machine will run at three-quarters of the normal 
speed. This method is evidently wasteful, since the 
resistance must necessarily dissipate the whole of 
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the power which is not given out by tlie moMr 
through the sh^rt. For a ^iven liirniug' efiort — 
which depends upon the product ammture cnrreat 
K mtigm:tk- fivid — the power taken from the mams 
at constant voltage is indepciiticnt of the motor 
speed, whereas the brake hcrse-power is directly 
propurtit>n<i] lo the ^peed ; ^iid the wailed horse- 
power must, therefore, be in direct proportion to the 
speed reduction. 

By method {£\ the magnetic inductiou tbroug'h the 
armature is varied, but the required back B,M.F. 
remains constant. The speed will therefiire vary 
inversely as the strength of the nii^netic field. This 
method is evidently loss wasteful than the first; but, 
for considerahlc speed variaticins, difficulties iu-ise 
owini:; Lo the mEiiii field being necessarily weak for 
the hig^her speeds, while the leakage field due to the 
armature currents is relatively large. 

Let us now look at the induction motor. Method 
(i) is almost exactly reproduced by iuseriing resist- 
ante in the Fotur wiiidin^^s ; while the variation iu 
the induction, by method (2) would be effected by 
altering the fy^qncjxcy of the supply. (It is the 
frequency that — for a given impressed E.M.F. — 
determines the value of the induction ; and the 
speed of the rotor, when running light, will therefore 
vary directly as the frequency.] 

In article 77 (p, 246) it was shown that, if 

jV = the speed in revolutions per minute ; 
1; = the frequency; 
p = the number of pairs of poles per phase in stator, 

60 X </ 

^ = — ^ 
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from which we see that th<^ speed will vmy direclly 
as the frequency', and iavcriicly as the number of 
fo\e^. If a simple form of frequency iransformer 
could be devi&cd, by means of which the frequency 
of iho suppl5' circuit could be gradually altered, this 
would make it possible to conveniently regnlare the 
speed of induction motoric, within certain limiisi 
depending' upon the amouni of the leakag-e field 
with the higher frequencies ^or low in d tic Lions), ajid 
the permissible value of the induction in the iron 
with the lower frequencies and speeds. 

By changing the number of stator poleiti il i& 
possible to desig*n a motor to run aC two or more 
different speeds; and testis made on ^Lii:h motors 
have shown the method to be practicable ; but it 
involves some complication in the stator windings, 
and the use of special switthe-s with conneL;tions so 
arranged thiil. hy combintiig the coils in various 
ways, the number of poles may be altered. More- 
over, since an induction motor is usually designed, 
in the first instance, with as lar^i; a number of poles 
as the diameter of the rotor will al[ow of, any 
increase in this number, for the purpose of griving: a 
reduced speed, will lead to a corresponding- increase 
in I he magnetic leakage, wilh its atli^ndant dis- 
advantag-es- 

Returning to melhod (i) a*; applied to iuduclion 
raotoia, the effect of introducing resistance in the 
rotor windings has already been fully discussed (set; 
article 79, p. ^^o). U must| however, be clearJy 
realised that the reduction in speed is i^uly obtained 
by wasting the balance of the power in the resist- 
ances, exactly as in the case of the direci-currtnr motor 
with regulating rheostat in series witli the armature. 
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Exanjpic.^ Conmd^r an induct Ion mator of loo 
brak^ horse-power, the cflicidicv of which is "g at 
full luiid ; anJ assiimp that i1 ts required to reduce 
the speed so per cent. The power supplied to the 
motor at full load is 

loo ^ 746 X ^ = S3 kw. (approjt.) 

and the power absorbed by the resistant:es inserted 
in rotor winding:, for a speed reduction of 20 per 
cent, must be 

too 

[q crder to calculate the ohms required per phase, 
it IS n«t:essary to know Ihe value of the fulUload 
current — i.e., the current corresponding: to the 
maximum torque to be exerted by the rotor- Let 
us assume a star-wound rotor with 300 volts 
between nuy two of the three slip rings on open 
ciri^iiit- Then if 80 kw. be talcen as the power put 
into the rotor, the current In each of the three 
arms of the winding- will be 

C ^ J?-!?9°. = ,54 amperes. 

Now* since the total power dissipated in 
resistance is i6'6 kw., the watts absorbed by each 
of the three sections will be 

iG.Goo ^ _ 

-—z — = 3^330- 

Hence C^ R (per phase) = 5.530* 
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which gives us for ihe rcsihtance of eadi section of 
the resistance 

If, instead of absorbing- the difference of pressure 
in a resistance, it were possible lo insert a back 
E,M,F. in the rotor windings^ from an outside 
source, exactly tbe same result would be cbtained^ 
Such a method has, indeed, been suggested, but 
since some form of commutator is required, involving' 
the use of a roior wound somewhat in the same 
manner as a direct-current motor armature, the 
machine becomes more costly, and loses its peculiar 
advantage of mechanical simplicity owing- 10 the 
absence of a commiiCatcr. 

(90) Revereuia: Direotlon of Revolatlon.— The 
direction in which a polyphase indticiion mo(or will 
run is determined by the direction of rotation of the 
magnetic field. By reversing the direction in which 
tlie field revolvest the direction of riniiihig of the 
rotor will also be reversed. ]n fact, a simple form 
of throw - over switch in the conneciions to the 
viator terminals is generally all Chat is nece.s.sary. 

If the supply is three-phase, it matters not whether 
the coils are star or mesh connected, bur, provided 
the stator is fed by only three wires, the effect of 
crossing the connections to any two of the terminals 
will cause the reversal of the rotating field, and, 
therefore, of the rotor, 

(91) Recapitulation, — We have now studied the 
induction motor by means of vector diagrams, and 
seen how this type of machine may be considered as 
:i *ipecial case of Ihe alternate'CurrenI transformer; 
the points of difference being: 
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I, That Ihe sei:ondary windiitg^ is free to rev^ol™ 
in the field produced by the primary, and so gfeneratc 
a second E.M.F- called llie E.M.T, of rotatioD 
which^bj actings againsl the induced E.M.F, — limits 
the flow or current until this is just sufficiect lo 
produce the required torque. 

2- Ovving- to the necessary mechanical clearauce, 
or air-^p between priniiiry and secondary cores, the 
magnetising current is greater than in th& ordinary 
closed - circuit transformer ; moreover, the total 
primary current, when ruxming' light, is more nearly 
in phase with the true (or "walLlcs.s") mtignetising 
component, because the " work " component due 
to the hysteresis and eddy-current losses is com- 
paratively small. 

3> The mag-nctic leakage is much greater than in 
a. wetl-designed static transformer. It i* the aim of 
the designer to keep this down an far as possible. 
because a large leakage flux means small overload 
capacity, although when the m-ichine is running 
lightly loaded — i\e., 7r/u.'n the roti>r currenis anr 
JM^/^- -nearly all the magnetic flux passes through 
the rotor, and the leakage Is in any case small. 

This leads np to the consideration of what U the 
best shape of slot through which the stator windings 
are threaded. In this country, and on the Contineni, 
it is usual to completely close the dots, leaving- an 
exceedingly thin metal bridge adjoining the air-gap; 
this being effected by punching circular holes or 
elongated sbthJ with senii-circular ends, very near to 
the periphery of the iron stamping^. In Amenca it 
is not uiuir^ual to provide a small gap at the top ol 
the slot, the object being to reduce the magnetic 
leakage Thi^ Ihi^ little or no eiTect upon ihe 
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ig- qualities t»r the motor (except as regards the 
overload capacity!; but it admits of a ^eaicr slar-Hng 
torque bein^ obtained, or the same starling torque 
with a reduced primary current, owing' to the fact 
that a larger proportion of the total primary flux 
passes through the rotor. It must, however, not be 
overlooked that open slots — althougfh they may 
redLice the 1eakag*e — generally increase the resistance 
of the magnetic circuil through the rotor, and con- 
sequently the amount of the "wattless" mag^netiairs 
current. The effect of a larg*e air-gap bet^veen stator 
and rotor cores, is also Lo lower the power factor — 
since it involves a lart^e " wattless " component oF 
the primary current — but it does not appreciably alter 
the amount of the starting: current — i'.t". , the total 
primaTy current with rotor short-circuited and at rest. 
This Will depeiul inaitdy upon the dispn.siiiou of the 
primary coils and the shape of the slots in which 
ihey are wound. It is the leakag-e between the poles 
thai is the principal fficlor lu determining the amount 
of the starting' current ; and even if the rotor were 
ent[rely removed from The machine, It does not 
follow that t]ie current taken by the primary coil*, 
would appreciably alter ia amount. The stator 
would act merely as a choking"- coil and take a 
current depending upon the magnetic resistance of 
the [ealcag'd paths ; this current being small in a 
badly designed machine, and comparatively large En 
u machine designed for a heavy overload and large 
starting torque. 

In coutluiion, iilihough the writer prefers to con- 
sider the polyphase induction motor as a modified 
transformer with a closed ■secondary free to revoh-e 
in two alternating magnetic fields at right angles tk> 
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<ach Other, and with a phase difference of godeg^f 
it does not follow that it is incorrect or more difficult 
to treat the subject from the ^^ rotating: ^eld" point 
of view- Indeed, if the reader will again turn to 
article 28, Chapter !IL, he will probably find that 
his conception of a short - circuited rotor being 
dragged round by the revolving- lield is clearer to 
him than before reading the present chapter. 
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CHAPTER VIII. 

Asynchronous Geveratohs, Compensated Inductiom 
Motors, a>d Rotarv Cowerteks, 

(99) Tbe Falypliase Induction IVctor used as 
a Generator, — Tt h^s been explained in the last 
chapter how, when the load \s put on an induc- 
tion motor, the '* slip," or the difffrence tit. speet/ 
beiweeti rolor and imi^uelic Jivld, increases ; the 
reason being thjit, with an increased torque, a 
greater rotor current is required to meet it, and — 
wilh an approximately constant speed and .'ilrength 
of Ihe rotating field — iW\^ increased current can only 
be obtained by a lowering of the back E.M.F. in 
the rotor conductors such as will be the immediate 
result of an increased "slip," 

When the motor is running light, the slip >>* 
small — that is to soj^, the rotor is running nearly, 
but not tjiiite, at synchronous speed — this being 
due to the fact that a small rotoc current must 
necessarily flow, or suffjcienl torque would not b? 
produced to overcome bearing- friction, windage, etc, 

lmag:ine a small auxiliary motor coupled to thi; 
shaft* and supplied with power fr^m an outside 
source. This motor could be arriing^ed to increasa 
the speed of the rotor until this was exactly equiil 
to the speed of synchroni'im : the rotor current 
would then be zero, but the auxiliary moloi would 
be supplying the power to overcome the lig'ht-Ioad 
losses referred to above. 
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Suppose, now. lh;il the speed of the auxiliary 
molor be incre^M?*! so as Ic tlnve the rotor of the 
polyphase ma*:hine at a ^pced a&ovff syjtchronisni — 
''<■-. ^f*'af^r ih4tn thiit i>f ihe roiniitig field. The 
lesulE will be that the E.M,F. generated in the 
rotijr tonduclott, lini^ ta Ihc cutting: of the mag-netic 
field. wLH niiw be gnatcr than the induced E.M.F. ; 
iind currents willi therefore, flow In the rotor windings 
in a direction exai:ily opposite Ic that obtained utidcr 
kirdiinirv conditions of working, Thii^ ?ie^ative rotor 
current necessarily implies a negative primary current ; 
or, in other words, the component of the total 
primary current which balances the rotor current will 
now be forced to fiow bark inio ihe 'bus 5tr/-j, agtunsi 
fhe p'iniary impri'ssed E.M.F., and the induction 
motor— when mechanLcally driven at a speed above 
synchronism — becomes a gi:r\efutor of elect He p<rvo€r. 

Such machines are known as asynchronous 
generators, to distingTjish them from ihe more 
usual form of synchronous alternator or polyphnse 
generator. It should be particularly noted that the 
periodicity of the currents obtained from the 
terminals of an asynchronous generator is ind^- 
pendeuf of thf nittr spet'd, being determined sclely 
by the frequency of the li.M.F- supply brought to 
the terminatsi for the pnrpose of producing- the 
magnetic field, and without which these machines 
would not work, 

((j3) Vector Diasrams of AsyncfaTOUoaa Gone- 
ratar. — Jn Fig. iol the vector dUgfam of an 
induction motor has been drawn to illustrate the effect 
of mechanically driving the roLor at a speed slightly 
above hjnchronism, and so transforming the machine 
into a generator of electric power. This diagram 
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should be compared with Fig. ga oo p. 354, and 
it will be seen how the difference lies in thai Ilia 
rotor current, Cr^ has been drawn exact I3' equal to 
the current C._, in Fig-, 92, but in an opposite direc 
itoa. The same assumptions have been made \\\ 
order to simplify the diagram, these being; (i) that 
the resistance of stalor windings is negligible, and 
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(j) that the rotor windings are without self, 
induction. This last assumption involve'? tlie idea 
of the whok <>/ the leakage nuigiu'ttsm enclosing: the 
staior ivindin^ ^"fj', and noi prssinj^ thyough thv 
irmt cortf iiii -whivh the rolor coitduclors un: ■wi\iiJnL 
The current vector^ O C„i is, therefore, the mag-- 
netising- component of that portion oF thi^ t^tal 
magnetic flux which passes Ihrouyh both rotor 
and stator winding's. It induces an E.M.F.^ e^^ in 
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the roior coils ; and, smoe Ihe-ie coiU are beini; 
revcilved nl a sfitt'd ttbavc .syKvhniuum^ ihe E-M,F.» 
^^Cr. *iue to the rotation in the flux at rij^hl angles 
to Ihe inducing flux, is now grett/et^ than the Induced 
E.M. F., O *'^, the result btirig^ a current, O Ci, flowing 
it^ttnsf the indulged E.M.F., and due to the effecliw 
or resultant E.M.F,, O *7^, The balnrcing cc^mponeni 
cf the >tatcr current must, of course, be O Q^, exactly 
equal but oppLJsUe to O Cr : the li.M. F, due to the 
leakage field wiU be O e^, which mu-il now be drawn 
bclo^ the imc A A' instead of above, as in F jg^ 92 ', 
and, by completing the diagram, we obtain O K as 
the total necessary^ impressed E.M,F. corresponding 
to the current, O Cp, flowing; in the rotor. ^^ 

We now see how the prodiK^t of O E and O C is 
ncgutivc, since the curren in stiitor winding's is 
flowing- against the impressed E.M-F., and therefore 
returning- power to the circuit. All the vectors are 
of the same lerg^th as in Fig, ga, and the angles ^ 
are equal- It follows that the power given back to 
the circuit, according to Fig^. loi, \s the same as 
that which was supplied to the motor according lo 
Fig". 92, and the power supplj-ing the C^ R losses 
in the rotor — represented bj the product O Cn k 
O Cr — is taken from the drivirg^ source, and trans- 
mitted to the rotor throug-h the shaft. 

In Fig-, loi the asynchronous machine, A, and the 
synchronous machine, Z, are shown coupled together 
on a load which mcvy consist of incandescent lamps 
or induction motors, or both. The connections are 
shown for one phase only, so as not to complicate 
the diagram. The current lhroug:h the stator coils 
of machine A is C, corresponding' to the vector O C . 
in Fig^. loi. This may be conMdered as made up ofj 
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lU'u components— tT I e current, L, goin^ lo the luad, 
and. Ihc current, S, passing- Chroug-h the armaturi; 
windings of the s^^ndironous machine, Z, 

We shall suppose the condition of things lo be 
aa represented by Kig. 1 01 - -that is to aay^ the 
synchroiious machine, Z, runs at a constan! '^ipeed, 
and produces a delinile pressure, E, at terminals, 
while the machini; A runs at a constant speed 
somewhat above the speed of ii\'nchronism, which 
results in a dehnite va^uc of the current O C and a 
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Fio, 102. 



[efinite phase aog^Ie d between current and impressed 
E.M.F. 

Ill Fig. 103 the diagram Fig'. 101 has been 
re-drawn ia order to show merely the current O U 
making an angle with the pressure vector, O E', 
which may be consTdered as the E.M^F, n/ the 
terminals of th^ lotitf^ while O E represents the 
E.M.F. generated by the synchronous machine- 
Drop a perpendicular, C L,, on to O E\ and note 
that, if the Itxid fs twn-indnclivc and equal to the 
product E' X C cos 6, then the asynchronous 
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mncliine, A, is dc>irtg the whole of ibe lotid^ while 
the syiKhrouous machine, Z, acts merely the pan of 
im excilcr, and does no work, since the current com- 
ponenl, O S^, is "wattless." If Uie load is greater 
than this nmount, and equal tn O E' x O L^^ ihen 
machine A will still do its share, and grive the whole 
of its output to the load; but the hnlance required 
(which Is eqii^d lo O E x L, K,) mi^'^t he siippUeLl 
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by the maiihiiie Z, the total output of which inaj 
be written (O K) v (I.^ C) cos /3, where L^ C is ihe 
current S la the diagram Fig. 102, 

If the external load is Jt^ss than the full output of 
the asynchronous machine, as, for instance, O E' x 
O L3* then the current, S, In the ArnitLture of the 
synchronous, machine in L^ C, which makes an 
angle with E g:reater than go deg'. k follows 
that the power g'iven out by machine Z is negative — 
i.e., this machine is being driven as a rnoicr by the 
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machine A, the power expended in doing" ihis bcingf 
equal to O E' X L., L^, 

Let us now see what is the effect nf ;in indvictive 
load. The diagfram Fi*^. 104 has been drawn In a 
similar manner to Fij^. 103, but the load current 
iiort' iHgs behind ihe pressure O K', by a certaia 
ang;le ^. Jf the lead current is O L^, such thiil C Lj 
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Fig. 104. 



is at rif^hl angrles to O E', then the ptncci- absorbed 
is the same as before, beiiiK^ oquj] to O H' y O P 
or to O E' >: O C cos 0^ which is the lotfil onlpui 
of the asynchronous machine — for the particular 
conditions as regards speed and e^diaticn that we 
have assumed. Bvil the "■ WJittless " current, O S, 
fi'om the armature oF the synchronous machine is 
now greater than O S, in Fig, 103 by an amount 
P Lj, which is exactly equal to the watll^ com- 
ponent of the load currcnl ; from which it is 
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clesir that any "^wattless" current's required, owing 
to tfie load having helf-inductioii, cannot be pri>- 
vidcd by the asynchronous machine, but must be 
supplied by the synchronous g^^nerator />; uddih'&tt 
to ih: tLiitths^ exciting cum-rtl required by the 
former. If OLj is the load curreijt, L^ C is the 
current S (Fig. 102) from madiiue Z ; while, if 
the load current is O Lj,i the power absorbed is less 
thiin the full output of the machine A, and the 
S)iichronLius mEichine i^i a^ain betn^ driven as » 
motor 

(94) ConoiusioDfi Regarding' tlie Indactioji 
Motor used as a GeDerator. — Since Ihe frequency 
IS independent of the speed of an asynchronous 
g'enerator (being determined solely by the speed of 
the syiichroncus machine which supplies the 
mai:;fnetisiog;' currents to the stator winding'], it 
follows Chat machines of this class can be 
paralleled without the ueces^ity of reg:ulatlag the 
i>;peed to such a nicety as when paralleling the 
more common type of altertiating-cnrrent g'enerators. 
In fact, the various units have merely to be run up 
to approximalely synchronous speed, and switched 
on to the 'bus bars» much in the jiame manner as 
when coupling direct-current dynamos. The pro- 
portion of the total load taken np by each machine 
(where several are coupled in parallel), will depend 
solely upon the relative speeds at which the various 
units are driven. 

It would almost seem as if this convenience 
in paralleling were the only recommendation for 
machines of this class- 

They have the disadvantage of requiring a 
synchronous generator, always running, to fix the 




INDUCTTON MCTOR tJSEO AS A C.CNERATOK. 3O5 

freqLiency and provide the wattless magnetising" 
CLirrenTs; moreover — since the asynchronmus machines 
arc only capable of supplying the external ciicuil 
in the form of enerff}' currents — the synchronous 
generator may have to be of a very large size if 
the load is inductive, seeing that it will be called 
upon to supply the wattless component of the total 
load current, in addition to the magneliiing currents 
of the other generators. 

With the advent of the compensated induction 
motor 03 introduced and developed by Mr. Ale?c. 
Heyland and others, there is a possibility of such 
iiiachuies — when used as generators — proving a 
commercial success, owing mainly to the fact that 
they can be loaded inductively, thus bring-ing the 
size of the synchronous exciter within reasonable 
limits. It is not proposed to discuss this question 
at greater length ; but since there is a possibility 
of the compensated polyphase induction motor with 
commutator being used commercially in the near 
future, the theory und properties of such motors wlr 
be briefly dealt with in the following article. 

There is one point in connection with the asyn- 
chronous generator which should, perhaps, be 
mentioned, and this iy the peculiar effect of a heavy 
overload. If the speed of the prime mover he 
increased bej'ond a certain limit, the proportion of 
the load taken by the generator luiU begt^i to fall 
f/fft and unless suitable precautions are taken, there 
is a possibility of the engine '■ running away.'* 
This will be evident from si study of Fig. loi, 
which, as already pointed out, diJTeTs but little from 
the corresponding diai^ram of the same machine 
used as a moton In the case of ihe motor it has 
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bttn ^b<*wn how, when the torque exceeds a c^rtaia 
Until, the teabag<£ 5et<J becomes so greal that (he 
machLDe t^ unable to respond to t.\w addiiicmal catl 
upon it, and falls out ci step. En the generator 
ibe effect is similart and the overload capacity of 
the m^ichine is reached when the speed exceed-^ (he 
speed of synchroni^im by an amouol apprtiximatoly 
cqiud to ihe "slip" corre^iponding' lo the ma>;imuin 
output of ihc same machine when run as a motor. 

(95I '* Compensated '^ Pol^pb^BO Motors vjith 
Com mutators. — About five years ago Mr. Alex, 
HcvUmd had the idea of supplying the niAgnetisiag^ 
currenU of an induction motor through the rotor 
windings instead of through the staior coils. This 
ing-eaious method has the effect of improviniJ the 
power factor, which can Ihos he hroughi up to about 
loo per cent, for ^1 load^. Other workers, ijicluding 
Mei^srs. Gorg^, Latour, and Osno&i have devised 
machine^i somewhat on the same lines^ but ^incf 
there is no difference in the principle involved, we 
shall content ourselves with bnefly considering the 
reason why, by feeding the mag-netijiing currents 
through a commutator into the rotor windingSi it is 
possible to compensate for phase displacemeot, 
and bring the power factor, even lit liglit loadii, 
approKimately up to unity. 

In Fig. 105 the rotor is supposed to he of the 
wound type, and provided with a commutator in all 
respects similar to thut of a direct-current bipolar 
machine. Imagine the rotating field to be produced 
by two alternating fields, one acting in the direction 
B B', and the other — differing in phase by a quarter 
period ^ acting in the direction A A', at right 
angles to B B" ; this being the method of treating 
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the subject which was justified and explained in 
the last chapter, when describing the action" of the 
ordinary Liiduution motor' 

Consider, first, what goes op in the phaye B B' 
only. The stator windings, in this phase, act merely 




B' 

Fit;. roE. 

ihe prirnrtry of a ^italic transforirer ; and, if we 

suppose the rotor or secondary windings lo be 

without any sliort-L^ircuiting connections, the current 

ihat will flow In tlie slater vvindiiig.s when lliese 

Lre connected to the supply mains will be the 

ignetising current ; and although the fruf 
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nia^nelisiny walls — i.e.. the product of ihe ciirrt 
iind n'siittittd vo]t!s — may he small, the apparent 
w'a.tr<i flre relativ'ely t!"""^^^* since They are equal 
to the product of Lhc currenL and the full pressure 
of the supply. 

Suppose now thai, wiih the armature at rest, and 
with tho sLator windings disconnected from the 
supply, an alternaliiig- current of the same frequency, 
hut sTiiiably reduceJ pressure, i<i fed iiiLo the brushes^ 
m jind ", bearrng on the comtnutator at the two 
end>i oF a diameter lying- on the mag-netic axis, B B', 
.\> showij in Fig, J05. The curreiil will divide itself 
betveeu the two halves of the winding, and produce 
Hn alternating- field in the direction B B',. which — if 
the pressure be adjusted to suit the number of turns 
in the rc^tc^r winding -may be made of the same 
strength ay Lhe field tirig^inally produced by the .stator 
winding. But with //le rotor at rest the power factor 
has not been improved, since the rofOT coils may 
now be coHsideved as constituting the primary 
winding of a transformer, and the same trouble 
occurs — /'.*',, The magnetising" current produces the 
the mag-netic flux, which, in its turn, g^res rise to a 
back EpM.F- of yc If- induction very much in excess 
of the resultant E.M.F. required to overcome the 
resistance of the ■windlng-s, and this ni^ccssitates an 
impressed H-M.F. slightly greateT than the induced 
E.M.F. and nearly 90 deg. in advance of the 
current, as reg-ards phase- 
Now imagine The rotor to be revolving' at 
synchronous j.peed. The brushes bear on the com- 
mutator, but retain a fixed position in space, the 
result beiny that the alternating' current fed into the 
brushes will produce an alternating flux in the same 
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direction, aud of the same fo^queiiiry as before ; Mil 
freguviwy bcin^ guiic ifidifit'udi'iii of the sp€t:d ai 
"xhich the toior is rfitoh'/n^; and depandiiig- merely 
upon the frequeocj' of llic supply conuected across 
the brushes, it is true that the frequency of the 
current in ^ny particufaf portion of the rotor 'binding 
will depend upon the speed of revolution, and, in 
fact, for the condition of synt:hTonoLis speed that 
we Hre considering, the current in the rolor con- 
ductors would be a continuous one ; but the point 
which concerns us at present is that, a^ the rotor 
revolves, the conductors l>ing betwetii Ihe brushes, 
fit and M, are cutting the iield A A' iit such a rate aa 
to produce an aECematiny^ K.M.F. of rotation exactly 
equal, but opposite in direcliorii to the alternating 
E.M.F, of induction due to the field B B'. No 
further difiicully need therefore he expenen[;ed \\\ 
getting' the magrjctisinf^' current through the rotor 
windings. The E.M.F, across the brushes, vt and w, 
no long-er requires to be of an abnormally great 
viiluc, -siuce the induced back E,M.F. is now 
balanced by the E, M. F. of rotation. A few volts 
only are needed to overcome the ohmic resistance 
of the windings, and provide the necessary magnetis- 
ing current. Moreover, [his pressure will now be in 
pftas^ "taiih the nta^neiising can-tnt^ and not nearly 
go deg. in advance, a*i \vas necesi^ary so long as the 
back E. M.F. of :>elf-inductLOD was a factor to be 
dealt with. It Follows that the magnetising watts 
are now true •rpnttx, and, by reg-ulating ihe pressure 
across the brushesj m and h, unii! the magnetising 
ampere turns are equaJ to those which otherwii^e 
would have to be provided by the slator current, 
the latter may be reduced to nearly zero, thus 
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bringing- ihp power factor (even with the niachins 
running I'g^t) lo h value very near to nniry. 

When the motor Li loaded, the magnetising- current 
requires to be of approxiinately the same \'alue as on 
open circuiti ahd the power factor caji be mamuiJned 
ill nearly lOo per cent. Tor all loads. It is evident 
rhat, as the load comes on the motor, the speed is 
110 longer that of synchronism ; but it does Dot 
diAer much from the speed of the rotating field, 
iind at fall land, Tvith a *'slip" of, say, 3 per cent., 
the currents in thiz rotor conductors, although no 
longer direct currents, are of such a low periodicity 
ihal ^clf-induction ti~oubl&> do not ari^e. 

This is the theory of the compensated induction 
motor; it will he iinderstood that the e\-act pressure 
across the brushes should be adjusted esperimen tally 
for each particular machine, to suit the supply 
vollag'e, TF the pressure is too low, the evdtirg 
current in the rotor winding-s will be insufficient to 
provide the full amount of the flux, and it will, 
therefore, he supplemented by a small magnetising' 
component of the stator current, which mejuis that 
the power factor will still be less than unitj^ If too 
great a current is put into the rotor winding's, ibi'i 
will give rise to a Jfjtuiin^ component of the primary 
current of such a value a^ to neutralise the excess 
of magnetising- current in the rotor, and mainlain 
the re*iultant magnetising- ampere turns at the c?sact 
value required to produce the necessary back E.M.F. 
m the stator windings. 

Although it is not proposed to enter into details 
of construclion, or to discuss the various devici?s 
by means of which this theory of compensation may 
be applied in practice, thi? article would not be 
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complete without a reference to the ^^tual method 
of compensating induction motors orig"inally devised 
by Mr. Hey land. 

Sudpfy Mfflna 
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[n Fig. io6, the stator windings of the motor are 
shown star-connected off the supply mains. The 
three rctor coils C C C, are also sLar-connected, 
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heing short-circuited ai iheir outer ends by (he lieavy 
cciniiectioiiT St white their inner ends are joined 
Ehrou^'h the iow resistance ^ R- This resistance 
aclually lakes the form of smalt V - shaped 
connectors of low - resistance material joioJog 
conligTiotis segments of the commutator ; and 
the currents thai are brought to the brushes, 
B B B, will circulate in th« rotor coils, C, in 
such a direction as to produce a rotary mflgnetic 
field synchronous with the field that would other- 
wise be produced by the magiieiising components 
of ihe sUilor currenls. The magnetising currents 
led into the brushes arc obtained from the secondary 
of a smalt transformer, T, of which the primary is 
connected to the same source of supply as the 
stator winding-^. It will be noticed that the primary 
coils of This transformer are shown star-connected^ 
while Ihe secondary coils are mesh-connected ; tlif 
object of this bein^ to provide currents to the 
brushes, B, lAhich, instead of beiii^ in phase wiih 
ihe supply pressure, are 90 deg;". out of phase, and, 
therefore, of the same phase as the required magnetic 
flux. 

It is not necessary to use the same winding; for 
the magnetising currents as for the circulation 
of the currents which arise when the load Is put 
en the machine, and in the Heyland tj-pc of motor 
of recent design a double three-phase winding is 
used on the rotor with advantag:c. 

Such machines when used us asynchronous gene- 
rators have undoubted advantajfes over Ihe ordinary 
type of machine, and it will be readily understood 
that there are no difficulties in the way of com- 
jjounding* these compensated generators, since the 
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necessary currents for strcntrtheniof^ the held can be 
taken off suitable current transformer^^ and led inio 
the commutator thtough brushes in the same manner 
as the compensating currents. 

Although the compensated and compcMindpd poly- 
phase induction motor is ujidoubtcdly interesting and 
instructive From the st:ientific point of view, it \s 
doubtful whether it has cotne to sta>, because unless 
the advantage of an improved power factor is 
worth the increased tomplication and expense of 
nianufacture, it can never prove a commercial 
success. 

It must not be overlooked that the addition of a 
commutator, with all the increased dilTicullies of 
winding, is out of the question for smoll innchines ; 
a.nd when we have to deal with larg'e m;ichines, the 
power factor of these at full load is already nearly 
90 p^r cetit,, and in order to raise this to too per 
cent., it is still a doubtful point whether the 
increased cost and liability to break down are 
justified. 

(y6) Rotary Converters. — The rotary converter 
is a machine :>imiUir to the double-current ^'Onerator 
descnhed in [Article 36, Chapter 111, It is g^enerally 
used for transforming polyphase into direct currents* 
the polyphase currents being led into the armature 
windings through slip rings, while the direct current 
is collected by brushes bearing on the commutator- 
The machine may, therefore, be considered as a 
combined synchronous motor and direct* current 
generatorn 

Wher treating' of polyphase generators, it was 
shown how the sides of a closed polygon of vectors 
represent the respective alternating E.M.F-'s la the 
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vanou*i (mesh - coiinected} srmature coil*. Thus, in 
Fig. io'/[a), the vectors A B, B C, and C A, forming" 
the sides of an equiltileral triangle, represent^ by their 
mag^nitude and directitin, the amount and phase 




Fir,. T07, 

relations of the E.M.F.'s in the three windings ot 
a delta-connected three-phase generator or motor. 

In Figs. 107(A) and io7(r), the vector diag^ranis 
have been drawn for four and five phase machines 
respectively, whUe the dotted hexagon in Fig. i07(flj 
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rerers to a six-phase machine. The fact that all 
these figures are closed potygons is an indication 
that the aum of all E.M.F.'b acting in the armature 
windingf \s zero, and consequently currents will not 
circulate in the coils when the external circuit is 
open. 

Now^ since A B, B C, etc., represent the alter- 
nating^ E.M.F/s in the various sections of the 
wixiUtng, which ;ire ah connected in series^ the 
pressure between any two terminals of the polyphase 
circuit (which is equal to the sum of the component 
E,M.F/s) will be indicated on the veclor diagrams, 
both in magnitude and phase, by the straight line 
joining: the beginning' of the firyr and [he end of the 
[aat vector of which the sum is taken. Thus, In 
Fig. io'/(b), the pressure between opposite terminals 
is indicated by the lines A C and B D, [he length 
of which is a measure of the E.M-F. obtained by 
connecting two of the phases in series : the phnst* 
of the resultant E.M.F. is also indicated by the 
angular position of these lines relatively to the 
component vectors; but the direction — j\€-. whether, 
for instance, from A lo C or C to A — cannot be 
shown by an arrow on the diagram, as it will depend 
upon what is to be considered as the positive 
direction iu the external circuit joining the two 
termina^is. 

In Fig. 107(f), the pressure between the terminals 
A and D will be represented by the length of the 
line A Dj which may be looked upon as the sum of 
Lhc three vectors A B, B C, and C D, or of the 
two vectors D E and K A, for these must 
necessarily balance, and give the same refiultant- 

Let us now carry this construction further, b^ 



incrcfislng the number of the sides of the polvgon. 
aDd therefore ih* number of phases, in definitely. 
This leads us to tha diagram Fig, I07(rf), which 
represents the B.M.F. in the rtrmature winding of 
the machine as being due to the rotation, in the 
field, of ail uifinilc niimber uf armature iecticins, in 
«ach L)£ which an nltematin^'' E. M.F. is g'enerated- 
The circle may be cocisidered as the JimJt of the 
polygon of veclors as the sides of the polygon are 
increased in number without limit ; and the length 
of the line A B represents the alternating pressure 
obtained between two lapping's from the winding 
separated by a distance equivalent to the phase 
angle u. With regard to the diamettr A C, this 
represents the pressure obtained between two 
diametrically opposed poinL^ of the (two-polej 
armature winding; and if we suppose the E.M,F- 
wave to follow the simple harmonic law of variation 
the direct - current pressure between the brushes 
bearing on the commutator of a rotary coa verier 
or double -current g-anerator would be Vi times 
the value given by the length A C.* 

The diagrams, as drawn in Fig. 107, are not 

•If ihe E-M.F. v^ctcra kucIi or A B nnd A C smnd foi ilie 
ui ax/ru/nn valu es of Ihe alternnlmg pressures in!>tea^ 0/ lite 
i^mcan Aquorc ^ues, ihcn iKl' dJiLmcli?r nf ihc circle ^voutif 
Correclly indWie ihe direcl -current voltng^ Ijetween bniahes, no 
ipulliplier lidng necessary. II i^ euklem: lLidL, whtn lapiqTigEi flin 
LLikcii ffiiin diamtlrioilly <j|j|j<j^en puinis un the? ^vinding, these 
JH1T111& mu-sL ^imulUDCouhly paa under ihp liiiecl-cnrrerl cnllecling 
Etiubhcs Iftict during each id-iilulian of the umiaiufc, iind al 
tliese iPomeTit'j the in.qlnntiineou^i vnluc of the akernfliing E.M.F, 
must Tieci?t5arily cnrrespond with ihe direct- current vohage: more- 
r^ver, Fifife the liTUihe? lie on the Tieutral ajd.-;, where the 
K.M.F. U at Ils maMmum. it follows ihai ii is \he maximitfti 
YJitue of ihc nUccnaijng E. Jl-T. uljit:Ei aEreci ;viih ttie direct- 
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limited in their applicalion lo two-pole mHLhires ; it 
is merely necessary to bear Iti initid that the ang-ies 
ia the diagrams are p/nrse an^Us^ and the vector 
A C io Fijj. ]o7 [b) or (d] indicates the pressure 
betvL-eeti t%vo points on the witidiug- separated by a 
distance equal to the pitch of the poles : tbus, it is 
only in the case of a two-pole machine that these 
tappings wouid actually be at the two ends of a 
diameter. 

A rotary converter can eridcntly not be wound for 
any desired pressure transformation ; the ratio oF 
alternating to direct current pressure is fixed, being^ 
determined solely by the number of slip tm^^ or 
phases. From an inspecrion of the diagrams in 
Fig-, 107, it will be seen that, since the length of 
the chord joining two points on the circle is a 
measure of the sltc^rnating" E. M. F. between these 
points, the majdmnm value of this E.M-F, is given 
by the expression 



E 



mu. = 2 R sin -, 



where R is the radium of the circle and a. is the 
phase angle between the two tappings off the 
armature winding-, EKpressed in terms of the direct- 
current vdrage, we have 

Enuu. - D sin -, 



where D — the diameter of the circle — ^stadds for the 
direi:t-i^nrri?nt pressure across brushes, [f we assume 
the sine curve wave form, the v'mean square value 
of the alternating pressure will be equal to the 
above value divided by s/z. 

The following table gives the pressure per phase 
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for various numbers of slip rings, the direct-current 
pressure beinjf taken as unity : 



N'umbrr of \A\U' 
VI iilip lingi. 




Sin^k phaK or iwir phase 
Thii"« phase ,- 

Knur })ha» -.,.. 

Kivc phase 

Six nnait- .......,., 

Twelve phase 



1 

■SS7S 
■2S&8 



E.M.F. between 
slip tings = 



'7071 
-6 J 24 

'5000 

■4157 
■1S30 



These calculated values agree fairly well with 
figure?^ obtained from actual machines. For instance, 
the voltmeter readings taken from a couple of 
American machines were 177 for a two-phase con- 
verier, and 155 for a three-phase machine ; the 
direct-current voltage, in each case, being 250. The 
calculated pressures^ on the assumption of the sine 
curve wave form, are 

J50 X -7= = 177 (nearly) 
for the two-phase machinef and 



250 X 



^-. 



for the three-phase machine, which agree well with 
the measured volts. 
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(97) Elementary Tbeory of tbe Kotary Cod- 
TCitflr. — Consider a rctarj' converter running: ^t full 
speed with the direcC-curreot circuit open — J.t\, 
without any direct current being taken out of the 
armature- The condition is merely that of a 
syni^hronous aJtemating-current or polypha*^e motor 
running light- Let us suppose the field coils to be 
excited frorn an independent direct-Hrurrent source, 
<JnJ note thai — when the armature is revoking al 
synchronous speed — there is a definite siren^h of 
field required to produce the necessary back E^M-F. 
of rotatioLi in ihe armature conductors. Jf the 
current In the field coils i>i adjusted to give ibis 
particular strengfih of lield, the u!ternating^ current* 
fed into the armature through the a^ip rings from 
the supply mains will be very small, bein^ merely 
jiuch ;iS lc> produce the torcjuf required to overcome 
the light load losses ; moreover, this current will be 
in phase with the applied E^M^F. 

If we now either Increa-se or decrease the Beld 
current, the result will be an alteration in the arma- 
ture current^ which must adjust itself in order thai 
the resultant cnag^netising^ ampere tuma may be tbc 
same as before : thus, if the current in the field 
coils be strengthened, the armalure current nil! ieiid 
the applied E-M,F., while, if the excitation is 
reduced, the curreat In the armature will be a 
lagging one.* 

Once the idea of a constant resultant Bdd cxcit»- 



* EnCHlniUJh, uccmuK] nay W talkd f* ibc po^ditj ij 
lillfc lAw power &d<v iJ » }M.Ay^arK tyitam vy q»tt *m 
tadtnc the Add cUk ol fvuiy ccAivtteim niwnii! i» dir 
Ibcu otdiiBd wiU, n ihii tmpfi^ act ia ■ ^^Mmm mat 
qrttchniwu anion, u»d Ibe^ Aay be Budc ta pmA fcp tW 
tk riitief ojoJcncn or choline ^^ * ^hc ok Bvp 
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tion is cbarly understood^ it is an easy mairer to 
follow Ihe iictiuiih which take piate when a direct 
^rurrent is ta,bian out of the armature throug^h the 
brashes bearing- on the commutator. Whatever 
portion of the direct current passes throug-h sections 
of the armaturo wmdiri;i must bo balanced at every 
instant by currents taken from the polyphase supply 
mains, in order that the result&ut field excitation 
shall not be altered- It is true tbat the direct 
current taken from the armature tends maiiity, if 
not wholly, lo produce cross ma|»;netisjng ampere 
turns ; but these cross magnetising; turns must 
iseverthelesiS be balanced by the polyphase current 
entering- the armature throug-h the slip rings, because 
—even en the assumption of aii efficiency of loo per 
cant, — whatever power if; taken out on the direct- 
current side, must ev^idently be balanced by an equal 
power supplied to the armature from the polyphase 
side. 

On account of this balancing of tbe magnetising 
effects due to the continuous and polyphase currents, 
there is practically no armature reaction in the 
polypliase rotary CLiTiverter. If the losses are 
ne^U^ble, find the held ciirrent is adjusted to 
give the maKimuni power factor, there is theo- 
retically very little or no armature reaction, and 
this accounts for the fact that it is not 
necessary to :dter the position of the brushes 
with varying load, In thU respect the rotary 
converter differs from the double-current generator, 
because, in the latter, both direct and alternating 
currents combine to produce field distortion (see 
article j6, p, i lo). 

It is well known that, in the conlvnuoii^-curfent 



THKGRV CV THF RUTAHV CON'VEKTEK. ^21 

transformer with two wiiiding^s and two commutators* 
there is no trouble with sparkling at the brushes, 
owing^ lo iho fjct that the cross maguelising ampere 
turns of the secondary winding are balanced by the 
ampere turns of ihe primary wiodmg ; and althong-h, 
in the polyphii^e rotary converter, there is only one 
winding-, and the current taken out ot the machine 
is not of the t^;iirie kind els the current put in^ yel, 
at every in.stanl, there is a balancing; action similar 
to that which occurs in the continuous - current 
Ir^insfonner. 

At certain moments during the revolution of the 
armature, the current wiil pass direct from slip ring 
to commutator brush, and at all other times the 
transfer of enet^y may be considered as due cither 
to direct conduction through the windings between 
slip rings and brushes, or to balanced g-encrator and 
motor action — certain portions of the winding' acting 
as generator while the other portions act a.s motor- 
There is on exception in the case of the sing-le-phase 
rotary converter, the action of which is ^.lightly more 
complicated ; here some of the energy (about one-third 
of the total) must bo considered as transferred by 
i:'^^//7/jfrrf generator and motor action, which involves 
the idea of a flywheel elTect, and a certain storage of 
energy in the revolving armature during portions of a 
complete period, this energy being given back ;igaiii 
in the form of direct currents at other instants. This 
leadb, in some cases^ to sparking, and it is one of the 
reasons why the single-phase rotary converter is not 
a verj' satisfactory machine- 

4()S) Output and EfficlBiLcy of Rotary Con- 
verters. -— When dealing with double - current 
g-cnerators (article 36, p. tio), the question of 
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C R losses in the armature windmes was discussed, 
find it is not |>ri>[>o?i«d to make a itioroug^h inuesti- 
l^alioiL of this mailer m coiiaeL:tLoii with rolary 
roiiverters. It will be sufficient to point out that 
Ihe output of these machines— fjvr*'^/ in the arse ijf 
dJir yifi^U'-phftsf cottv^rSer — is always greater tbaa that 
0f the ^nme machine used merely ;is a direct-current 
generator ; thai i^ to say, the C- R losses are 
considerably fvss than if the whole of the output 
were passed through the winding^! in the form of a 
^Jirect current. That this mu-sl be che case is fairly 
obvious, especially when it is remembeTed that, a.5 
ihe L^onneL^Hons from the slip rings pass under ihe 
brushes, there is a direct transfer of current from 
slip ring to brush <wJiicJi does rtot pass ih/'ough i/itf 
*trmalun- nmdttctors. 

The output of a rotary converter will also be 
mcreased ^th the number of phases or slip rin^. 
ThuSi the C- R losses iu a machine provided with 
three slip rings, and Fed by a three-phase current, 
will be greater than tf the ^ame machme is provided 
with 513^ ilip rings and fed by a six-pha^ae i;urrent. 
This, indeed, is what would be expected, and one 
reason is that the ini^reased number of phases 
reduces the current ptr p/ii/str required to balance the 
continuous current. For instance, if we assume a. 
constant direct -CLirrent output of icw kw, at 
loo volts and a power factor of unity on the poly- 
phase side, the current per phase in each armature 
section for a total input of loo kw. [ail lo?iSBS 
neglected) would be 544 amperes for a thrcc-pha^e 
supply, and only 472 amperes for a six -phase 
supply. 

From figures given by Messrs. SteinmetE ^nd 
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Mershon, the following table has been prepared, tt 
^ves the apprfisiniate Liiilpiil Lif a rotary converter 
With different numbers of slip nngrs, the output of 
the same machine as a direct-current g-enerator 
being- taken »s unity. The power factor H assumed 
to be 100 per cent. 



Numbei of ^Lip tings or 


Output of ralsry 
converter. 




lis 

1-65 

iS 


Thrct 






2-i 


Ten. 





If the power factor is les^ than uuit^f the output 
will be less ] thus, if cos 6 ^ '8 the output of Ihc 
fiing-le-phai^e converter would be only -7 while that 
of the three-phase and four phase machines would 
be about j't^ and i"4 respectively- 

Another advantage of increasing the number of 
phases beyond three is thai the heating of the 
armature conductors is more evenly distributed. 
Tbtre will always be a greater amount of heat 
generated in the neighbourhood of the points on the 
winding- from which the connections are Taken I0 
the slip rings ; and if the number of these points is 
increased, it stands to re.T.son that there will be less 
local heating and that the C^ R losses will be 
dissipated more uniformly throughout the entire 
armature. 
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Since the output of a rotary converter increases 
with the number of slip rings or phases on the 




alternating-current side, it Is obvious that, if an 
economical and simple means can be employed for 
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trafujforming' a Two or three phase supply into ^ 
pulyphase system having" a largev miniber of phases, 
this may be advantageous Lirder certain conditions. 
The problem, indeed, ia not a difficult one, as 
many solutions can be obtaiued by a suitable 
combination of vectors differing In phase. Fig. loS 
illustrates one method (described by Mr. A. C. 
EboratI in his admirable paper on polyphase 
sub-station machinery*) by means of which a three- 
phase supply can readily be transformed into a 
six-phase system suitable for feeding- a rotary 
converter provided with six slip rin^s. 

The upper diagram shows the primaries of the 
three step - dtiwn transformers mesh - connected 
between the supply mains. Each transformer is 
wound with two equal but distinct secondaries, and 
the six sections of *iifi^ondary winding thus obtained 
are connected up in such a manner as to produce a 
six-phase supply. The combination of vectors is 
shown in the lower diagram, and it will be seen 
that the dtsircd result is obtained by mcbh-connect- 
ing the coils i, 3, and 5 in one direction, and the 
coils 2. 6, and 4 in the opposite direcnon. By 
feeding" the slip ring-s from the junctions A, B, 
C, D^ E and F, the six-phase supply to Ehc 
:ir mature is obtained. 

Messrs, L. K Steinmetz and L. R, Emmet have 
devised an equivalent arrang^ement of static trans- 
formers, very much on the lines of Mr. Scotl's pliaise- 
transforming system, by means of which the same 
end is attained.! 

• " Some Nolw on I'olyphase Sub-^titiau Midlineiy/' ljy A. C 
rhoiflU, K-ail before ihc In^liluElnn of Electrical Enijiuccrs, 
March 14, [901 (vol. x\k, p- 702. /eitrna/, IniuE.E.J. 

t Sec IVettirn EkUriciait (Chiaxgo), Oct. z^y 1903. 
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Mr. A. D. Lunt has *ihown how a twelve-phase 
sv'SLcm can be ublained m a aimllar manner from a 
throe-phase supp[y, bul the sapposed udvantages o^ 
increasing- the niiirber of phases to thTs extent are 
not obvious. Even in the case of very larg;e cotaries, 
the disadvantages of having tw^elve slip ring-s, with 
all the increased complication and espense, would 
seem to outw'cig-h the possible advantag'e of slig-htly 
improved efficiency or increased output. The 
theoretical output of the twelve - phase rotary h 
only about is per cent, greater than that of a six- 
phase machine. 

The efficiency of rotary converters compares favour- 
ably with that of motor-generator sets : it would be 
ahinnt 90 per cetiE.^ at full load, for a three-phase 
300-kw. machine at a periodicity of 4O1 or for 
a 4.00-lcw. machine at a periodicity of 60, while 
(he efficiency of yn equivalent molor-g-enerator set 
might be about 86 per cent. It should be understood 
that these tig'ures include the losses in the step-down 
transformers required for use with the rotary con- 
verter ; but the motor of the molor-generator set 
would be wound for the high-tension supply, which 
might be of the order of 5,000 volts. 

Tests have been made, and tigures published ^ 
tending to show that, as regards the all-day efficiency 
of Tolaries and motor-generators, there is not much 
to choose between the two ; but the cost of the 
molor-irenerator i^ generally sfmewhal higher than 
that of the equivalent rotary converter, although, 
when the necessary step - down transformers and 
reg-ulators are taken into account, the difference 
in this respect is not so ^Teat as is sometimes 
supposed. 
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(99) StartiDs and SyochrODisiOi: Rotatr 
Coaverters. - When possible, il is desiraHe tk> 
start up a rotary L^onv^rter from the direct- 
cLirreiit side : this is a simple matter, and the 
operation is in all respects similar to the method 
adopted for starting up an ordinarj' shunt-wound 
direct-current motor. The machine is then syn- 
chronised by varying^ the field exciTaiion until the 
corrt!i:t speed— as indicated by the synchroniser—is 
obtained, when Ihe switches on the polyphase side^ 
can be closed. If the supply is three-phase, it is 
usual 10 have one of the switches closed^ and, at 
the moment when synchronism is attained, the other 
two ^iwilchea are thrciwn in. The operation of 
synchronising has to be carefully carried out, or 
trouble may ensue. In cases of emergency, the 
process of synchronising may be omitted ; ihe 
machine should be run up to a speed shg^hdy above 
siynchronism, when Che dirccf - r-itrr^nt strtfcfivs miisi 
i?c n/KTiLtJ, and the switches on the polyphase side 
immediately closedj thus connecting the armature to 
the polyphase supply. The machine will pull it'ielf 
into step, and the direct-current switches can then 
a^ain be closed. 

When it is not possible to start up from the 
direct-current side, u ver>' satisfactory method consists 
in providing- a small induction motor for the purpose 
of running the armature up to speed. This auxiliary 
motor is desi^'nod to run at a sligfhtly hig-her speed 
than the rotary, and the latter is then brought down 
to synchroiioLis speed by loading: one of the phases 
throug-h a suitable rheostat. This method make^ the 
process of synchronising- exceedingly simple, and. as 
the power developed by the Induction motor need 
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only be about oiie-ltnlh of the full load output of 
Ihe rotar>", the extra t^oat is not very i^reat. 

There is snorher method of starting' up friim the 
polyphase side which^ ho^vever, is ouly applii;able isj 
flmall machines, and this consists In switching- the 
polyphase Mipply dfrcclly on to the machine, having 
previously lakcn the precaution to disconnect the field 
windinj^s and divide them into several sections: the 
main ?iwitches on the diiecl-currciit side must, of 
course, also be open- The revolving field due to the 
polyphase currents in the armature, causey the 
maclnne to start up much in llie same way as an 
induction motor ; and when synchronism is reached — 
fls indicated by ibe steady reading of a voltmeter 
across tjie direct-current brushes — the Beld circuit 
may be closed ; but certain precautious must be 
taken to ensure ih^I the field ciicuii is closed on 
the phase which will g^ive the rigfht polarity 
across the direct-current brushes. The object of 
dividing up the field winding- into several distinct 
sections is to prevent the accumulated induced 
E.M.F. in these windings, during the period of 
running up, reaching such a high value as to ri?»k 
a breakdown of insulation, 

Tht chief objection to this method of starting is 
that a very large current is taken from Ihe supply 
rriains, amounting to, perhaps, three times the normal 
full-load current of the rotary, and since this current 
is ver>' much out of phase with the supply pressure, 
the regulation of the polyphiise system will be 
seriously affected. It is true that, before switching 
on the supply, provision can be made for reducing 
the voltage across slip rings by taking intermediate 
tappings from the low-tension side of the step- 
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down traosfomiersT but the ei:tra cables and switch 
g-ear required are a somewhat seriouri objection. 

(loo) Reffulation of Rotary Converters. — Since 
the direct-current prt&sure across brushes has a 
definite value for a gii'^en alternating pressure across 
^lip ring's, it follows that the reg^ulation cannot he 
effected, as in the case of a motor-generator, by 
merely nlterinjj the ^iren^th of the field current. 
Any flJteration in the current passing* through the 
field wioding^s is immediately met by an alteration 
in the armature current, which so adjusts itself as 
to leave the resuhant fieJd as before — i.e., of such a 
value as to produce the required back B.M.F. 
correspording to the speed o^ synchronism- 

[f the pressure of the polyphase supply is raised 
or lowered, then the direct-current pressure will be 
varied in a corresponding manner* This sug-g-ests 
what is, perhaps, the most perfect method of 
reg-ulation — iiamelj-, the employment of variable 
ratio step-down transformers, by means of which — 
even with constant pressure ar the high-tension 
terminals of the polyphase supply— the volts across 
slip rings can be varied within the required limits. 
This reg'ulation can be done by hand or auto- 
matically ; but automatic regulation on these lines 
wouM be costly and liable to give trouble owing t*> 
tompliciiilsin of pwrts. 

Another method of varying: the pressure across 
slip rings, which is automatic in its action, is of 
conMderable interest, and since it is largely used in 
practice, it is advisable that the principles involved 
be clearly understciod- In the first place, this 
method requires the compound winding* of the 
field magnets ; but, from what hah already been 
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MUtedr it is evident [hat the mere blreng-thening of 
the HeXd ampere turns as the load increfiaest wfll 
iiol produce tha required pressure rise across slip 
rings to compensate for the voEts lost in overcoming- 



I 




Field Ampere Turn* 

Vv\- 105. 

the re-sisiance of the winding's, except under sfifi'itif 
condi'iians which permit of tliis result beinjf attained. 
These conditions are that there must be an appre- 
ciable amount of self-induction in the circuit between 
the higrh - tension supply terminals (at constant 
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pressure) and the slip no^s of the rota.[>\ Jind 
that the ohmic resistance of this portion of th^ 
circuit Tiiusl be reblKvly small. If ihe ?itep-tlii\vn 
trans fcirmcrs are of a type having a fair amount 
of mag'DetLc leakage, it may not be necessary tc 
provide addilionaJ :ielf-iaducticii in the fiirni of 
choking coils; but, in practice, small choking; l-oiIs 
in each of the polyphase leadi* are usually iiisorioU. 

In Fig;, log the full line curve shows the rclalioii 
between armature current and field eicitatiod for a 
TLTfarv converter or synchronous moLor running" lig"hl. 
The oidinates, or vertical measurements » indicate the 
amount of the armature current^ while the horizontal 
^le*i^n^ements represent the ampere turns on the 
field mag'nets. There is a certfun value of the 6etd 
current — denoted on the diagram by the l<:!tttfr S — ■ 
for x^hich the Eirmatart: current is a miiiiinuiii ; the 
power factor is then approKimalcly unity, and ihi; 
very small armature current passing into the winding?* 
is merely what is necessary to run the machine lli-ht. 
If now, we imaf^-ine the field current to he reduLvd 
to a value indicated by the distHuco O M in Rg. icxj, 
the armature current will immediately rise to the 
corresponding- value M N, and this will be /r ingf^'tff 
current, the principal component of which 'm a 
magnetising current Qo deg. behind the impressed 
E,M.F., because this ^'xW produce a lield llux in 
the same direction as the direct current in I he 
magnet coils, and it^ value will be such aa* ti> 
provide the magnetising ampere turns which hav* 
been taken off the field cojIs, 

If, on the other hand, we strengthen (he M4 
curreni, the main componeni of the armature curr^vtc 
wUI /rW the impressed E.M.F. by 90 dcg., 4nd ta 
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counteract the magnelising force of Ihe addilioiia! 
field ampere turns. 

For a given value, O P, of the fieJd current, the 
no-load armature current may be of exactly the same 
value as when the field current was O M ; but in 
the first case it will be rn nihvirrce of the impressed 
E>M. F. by nes.rly a quarter period; while in the 
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Km. no. 



latter case, it will iag- behittd the impressed E. M, 
by the same phase anglgn 

Now consider the vector diagram Fig. ] lo. Here 
O E represents one phase of the impressed poly- 
phase E.M.F. , which \s supposed to be of constant 
value. We shall not complicate the diagram by 
taking into account the step-down transfer niers* and 
the lan^jlh O E mvist be considered as representing 
the primary pressure reduced to the pn'ssure at slip 
ringSy in accordance with the transformer ratios, for 



the condition of the t;Drrect field eKcitatioii — Le., 
when rht field current is such as to make the 
power factor a maximum (O S in Fig^. '09)- 
Under this condiLiou the armature i;urreiil is 
practically zero. Let us now see what will be the 
pressure 3t slip rings with a rediiced fi**ld evcitation 
and, therefore, a laggfing- armatuce current, which 
may be represented by the vector O N,* 

Noie, first, thai* if there vc^rra mt silf-indiicfwn in 
Ihc cifCNii^ the pressure across slip ring-s would 
remain unaltered (except for the small resistance 
drop, which may be neglected) ; but if the circuit has 
self-induction, the back E.M.h"'. due to the current 
O N wili be O i'\ drawn exactly 90 deg". behind 
O N. The result will be that the pressure at slip 
ring's will be reduced to O E', which is less th^n 
O E by the amount O f\ Suppojie now that the 
field current Is increased until the armature current 
is a leading one of value O R ; then O l" will be 
the induced E.M.F. d ue t o this current, and it 
will be in phase with O E : the pressure at slip 
rings wilt, therefore, be O ¥.', which is equal to 
O E + O e\ 

Wo are now in a position lo plot the dotted 
curve in Fig. log, showing bow the pressure at 

" In Ellis JjQ^nun (Fig. no) [lie rmirenc vetriors arc rlrawi) 
exAcily 9u ili^, tmi cif jihuse rtiih Lhc picsiuic vector, ^Ithmigh in 
pra-ctice I hi 4 com II dun iii never (juiLe TcacKed. Uu',, with Ihc 
mactiinn: ruLHUifj lifi^it, the phase JUiglt? «ill be \\ny nearly 90 due,, 
and, in any case, even if the machine were loatitd. It woulil be 
corrtcT, f<'r ihu piiiposu nf thib nrgument, to co[i<]L4li:i N as the 
■nagneiHi^in^ ccinponenl ot the toTnl iirnmtLin? currti^T^ because the 
^'wntk" c&mpontnt, in pha?? with O E, will produce only cro&9 
iDJigatfLibJn^ eHectB, imtf even in the cheking colli, will ncrt give 
nsc Tn a bni:k E.M.F. Iinving any apprvci utile tflecC on ihe 
Ttfgulntion, 
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sUp rings imireases u^th Incre^ed field ampere 
turns ^1*1 from this il \s easy lo understand 
that a rolary converter provided with a shunt 
winding; across the brushes, and a series Minding 
carrying the load current, may — by suitably adjusling 
the amount of self-induction — be made practically 
£?]f-rdgu1atin^ ai all load^- 

It i.*! impoiljii]! fii bear in mind that, in order Lo 
obtain thia result, the ohmic resistance of the ii^ablcsi 
tnmsFormer windings, etc., must be low; and this 
15 of £^tl]l greater importance if it i5 desired to 
{f!)er - t-QmpiVtiitf the rotarics. If the distance of 
tran?imission is ^reat^ or the rollag'E so low as to 
involve it considerable drop of pressure in the cables* 
then this method of regulation is unsuitable. 

The chief objection to the compound winding of 
rotar)- converters as above described is that the 
power factor of the polyphase supply is ^^oniiTiually 
changing, aaJ thi^^ makes it diffitull to maintain 
constant precis ure al the receiving- ends of the 
transmission lines. Mr A. C- Fborrjll, in hi^ 
paper on polyphase itub-station niat;Jiinery, previously 
referred Co, states that, in practice, the self-induction 
in the polyphase leads and the amount of ihtf lield 
excitation would be so adjusted as to make the 
armature current -at no load n lagging one eiinal 
to about 30 or 40 per cent, of the full - load 
current. As the load comes on the machine, the 
power factor improves and becomes nearly unity at 
half full lod-d, after which, with a further incrcitse 
of load (and, therefore, of field ampere turns), the 
armature current would be in advance of the 
applied E,M.F. 

frojj •* Hunting" of Rotary Converters —The 



'Suntjng" of rotakyconve^erst 



satisfactory running of syaclirciiiouji meters, and, 
therefore, also of rotary converters, depends largely 
upon the ctig-ines in the generating- station. It 
these have not sufficient flywheei effect, or are 
otherwise defective in the matter of imparting a 
uniform ang'ular veloi^ity to the genera tort^, then 
Iroiitile i*; to be looketl for in conrn?otion with 
synchronous machines taking current from the supply. 
By uniformity of angular velocity is meant constant 
speed pi'r riToIn/jon ; and a high-speed eng^ine will 
neceascinly be more Siitis factory in this respect than 
a low-spead tsngine i it also follows th;it ** phase 
swinging" or 'Miuntiny" troubles are not likely lo 
arise when the generators are driven by stcnirj or 
water turbines. 

Sometimes roliirj converters will " hunt ** even 
when the engines are in all respects suitable for 
the work they have to do. A slight oticillation 
may be started through various causes^ and — 
especrally if there are several machiue.'i working hi 
parallel — this may tend to increase, owing to 
periodic distortion of the field produced by the 
"swinging:'' of the armature, and the resulting 
variations in (he phase angle of the cnrrenl fed 
into the slip rings. It ia, therefore, ad\i3able lo 
de^iign Che rotarieji to check, as far as possible, 
this tendency to "phase swinging** which may 
result in the mnchinea Calling out of synchronism, 
not to mi±ntitjn the probability of severe sparking at 
the commutator brushes. 

Damping coils or ''amortisseurs " suggest them- 
^^elves at once as a suitable means of preventing 
distortion of the magnetic field under the pole laces; 
:ind these coils may take the form of e>LEra heavy 
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high-con Uuctivily metal flanges supporting the field 
coils at !he ends nearest to ihe pole faces. The use 
of such castinK'Si ar of heavy short-i^ircuited copper 
contlui^loriij betl^'een \\w pole shoes, may lower the 
efliuenty fmni i to ]| ptrr cert, ; but this is of no 
conseqLience compared with the importance of steady 
running" and freedom from hunting- troubles. As a 
matter of fact, sclid cast-iron pole faces act iii a 
similar manner to the clamping coils, and arc cquaHy, 
if not more, effective, 

-Hunting' is far less likely to occur with low than 
with liigh puriodicitieji, aud 60 may be considered 
as the upper limit, beyond which it would be 
inadvisable to work rotary converters ; sparking: 
troubles may be escpected, and — ^ in any case for 
large unils — motor-g^eneratoi> will geiieiaily be found 
preferable at this* or hit,'"heir periodicities. The best 
tVeqnency for rotary converters lies between 35 and 
40. The machines would work satisfactorily a 
lower frequencies, but the cost of step- down 
transfonner!^ would be excessive. 

Hunting troubles will be incrca^cd if the connec- 
tions on the polyphase side are of high resistance, 
and. for this reason, rotary converters are generally 
found to work better when within a comparatively 
short distance of the generating plant than when 
placed at the distant end of fairly long transmission 

cables- 

Although a rotary converter, when transforming 
polvphabc Into direct currents, will behave very much 
in the iame manner as any synchronous polyphase 
motor, there is one important difference which should 
not be overlooked, as it may account for several 
pec ui rarities of this cla&s of machiner)-. The differ- 
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ence referred to is in the aniount of the armature 
reatlion, which may be consiJeniMe in n synchronous 
motor, but is priLclically negligible in the rotary con- 
verter : this, indeed^ explain*; why the latter is itiisre 
liable to hunt then the syuchronouh motor. 

In conclui^ion, it should be itjited that, nlthoug^h 
the rotary convener hn^i been con,Kidered throughout 
as taking the supply from the polyphase mains (which 
is the usual itrraiiyement), the machine is reversible, 
and cdn be supplied with direct current at the 
brushes, in which case it will g"ivc out altcrnatiJi^ 
currents ui the ^ilip ring's. If such a machine he 
used for supplying ahernathig or polyphase currents 
in parallel with othec machines, difficulties arise owing 
to the absence of armnture reaction. Any l;^g■^ing■ 
currents on the altcrnating'-ciirrcnt aide tend lo 
weaken the field, and geiieivilly produce a condition 
of instability, reijuinng special methods of field 
CKcitiLtiou to remedy the trouble and prevent (he 
rotary falling out of step. 
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NOTE I 



Coefficient of Shlp-Inductiok. 

The ccefiitieul ei" self-indLictloji, which is generally 
denoletl by the Evmbol Lj it a quantih", the ust* of 
which leadi to Si>ine simplifications when ii is per* 
Dibsible to assume a conpiete abseoce of iron in 
the magnetic circuit; fjr in this case L is constant, 
aiitl may be definiid ;is t]it: mni^uiit of seij-cnc/jsin^g 
of mtignetic lines by the circuit when the current 
has unit value. This coeffii^ient of self-induction 
takes iuto at count the number tif times the total 
irUuclion, N^ is threaded through the circuit : for 
Instance, if n circiiit make^ out* or two tnrns upon 
itself, it will be the same thing — as regfards the 
magnitude of the induced H.M.F. — as if it formed 
only one loop, hut enclosed two or three rimes Ihe 
amount cf magnetism which we have called the self- 
indui:tioii. Thus, if ve consider a coil of wire of S 
turns, the self-induction (if there is no iron) will be 
proportional to the ampere-turns S x C ; but the 
coefficient of self-induction ^ L, will be proportional to 
S-. If the coil of wire had consisted of onh" a 
single tun], the cocffik:icnt of self - iaduction might 
have been defined as the number of magnetic lines 
which would be threaded through the circuit if one 
(absolute) unit of current wert flowing. Let us 
denote this by N(, ; then, tf, instead of having only 
Jne turrit Ihe coil be supposed to consist of S turns. 
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the self-ij^duclicii will be S times Ho. -ind the 
amount of sclf-cnctosijijE^ of mafii'iietit: hnes will be 
Nj S'-. Tbis may be written N S, wher<? N siands 
ibr the actual numtxr of lines threaded through a 
coil of S turns when unit current is passing- throug"h 
the coll. 

When there b iron in the path of the magnetic 
lines, the coefficient of self-induction will no longer 
be coii!4tantf but will depend, to a. certain t^xtenti 
upon the value of the current* Wc can, however, 
tjtill consider L h^ ^ coeffident which, when miilM- 
jilied by the maximum value of the current, will K"ive 
us the total amount of se^/^L'/rrUun^ of mag^netic 
lines, if we put 



where C stai^di for the JuiixintiiTn valne of the 
allernatinj^f current actually liowin^ in the circuit; 
and this definition of L applies eqnally well to the 
case of a circuit in which there is no iron, only, as 
N is then proportional to Cj L will have a conEtant 
value which does not depend upon the curroni. 

Fo^ reasons which it is not necessary to explain, the 
pfitctical unit coofiicient of seU'-inductJon is lo'' time^ 
greater than the absolute C.G.S. unit, and the name 
Sisnry applies to this practical unit coefficient of 
self-induction. 
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NOTE LI 

Ok the RcLATrov BExnxEx Magxetk; Flux A^■D 
Ikdived E»M,F, IV \ CiKCL'iT Cos\x'^^^'G as 

ALTEHNATrXtl ClRRENT. 

Let N be ihe tout] amount of inj^netic flux 
throiig:h a coll of wire due to a certain definite 
itiaximum value of the alternating current. We 
need not concern ourselves here with the relatiou 
betwc«D the current and the total tlu^c; but thia 
can he iipproximately predetermined m the usual 
way (as adopted in dynacio and motor dcsigu). 
provided the matcriali arrani^emcrit, and measure- 
ments of the magnetic circuit are known. 

Let S be the number of turns in the coil of wire, 
and n the periodicity of the current (number of 
cycles per second], then, since the total number of 
magnetic lines denoted by N are twi^c created and 
twice withdrawn during the course of ooe complete 
period, the mean value of the induced E. M.F- wlII be 

E™ *- ^, N S ^^ 

and this equation is true whatever may be the shape 
of the current wave. 

In the above fi>rmula E™ is the induced E.M.F. 
expressed in absolute C.G.S. uniLs. If we wish to 
Lpress the mean induced E.M.F., e^,* in vallSj wa 
I list write 

e ^ 4 N S « 
" ^iX^,ooo,cJOQ 
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|[ i^ not, however, the ?mf/iri value of the induced 

E.M.F, whith we g-eneralfy require lo know, but 

its Vmea-n square value. Let us denote the ratio 

Vmean square volts , ., i ., .1 i r 

-?-- by the letter wij the value or 

mean volts 

whicTi will depend upon the shape of the E.M-F* 

wave, and which, in fact, is the reciprocal of Dr, 

FXemliig's /orm Jiicior; we maj Ihen write ■ 

zfidnced KM.F. (in volts) = ^ x 4 N S _^^ | 

IO0,O0O,CX>0 

If the E.M.F. wave is a sine curve, Ihe multiplier 
tn = I'll, and as this is an assuniptiou which leads 
to EuffJcIently accurate results when desig'ning^ 
comniercial choking colls, the formula may be 
written 

Induced E.M.R {in volts) = '*-^- ^^_" d) 

I0O,0O0,0CX3 ^ ' 

In the event of there bein^ no iron in the 
magnetic circuit, it is permissible to express 
the quantity N K S in terms of the cocfficietit of 
self-indncliouj and the current in the coil. 

In Note 1 it is CKpiained how ■ 

r N S I 

L— ^, I 

which may he written I 

N S - L X C, ' 

where L and C represent the coefficient ol self- 
induction and the maximum value of the current, 
both in absQlnie CCS- itjiils. 
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If L and C stand for the practical units^ we most 
write 

N S = L X lo" >i -^. 
lo 

Again, if we assume the current wave to be a 
sine curve (which wiH be the case — in the absence of 
iron in the circuit — if the E.M,F. wave is a sine 
curve) it can be shown that the ntaxi^tutn^ value is 
^ 2 times greater than the s/mean square value. 
Let us put c tor this latter value of the current in 
the above equation, and we get 

and substitutirg this value of N 5 in equation (i^ 
we get 

induced E.M.F. (in vo!ts) - 6-283 " ^ c- 

Here the multiplier 6"283 is none other than the 
better known 2 w, and we may write the equation 

e ™ 2 TT n h c, 

which is well known in connection with the analytical 
treatment of self-induction problems. 
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NOTE III. 
Losses in Conden-hers. 

Just as, in Ihe case of self-inducCioii* there is no 
audi thing in practice as a ttuly -ivtUfless ina^netNing' 
current, so also, in regard to ccndi^naers, the current 
will nor be exactly ip deg. in Eidvance of the apphed 
pi>tentia] difference at the condenier terminals. 

The losses in condensers arc not easily determiired 
with accuracy, and, moreover, they depend Inrg-ely 
upon the condition o? the dieliactric, especially as 
reg-ards moisture — they are found to be reduced 
after the conJenser \\'a^ been thoroughly dried — but 
in no case are they likely to be of \\ serious nature 
(their effect is to very slightly raise the temperature 
of the dielectric). A commercial condenser behaves. 
ain>ost exactly as if a small non-inductive resistance 
(ivhich may be termed the spuyious resistance of the 
condenser) were joined in series with a theoretically 
perfect condenser — i.e,j one in which there is no loss of 
energy when connected to a sOLirct" ofHltemaling E.M-F- 

As regards tbe actual amount of such losses in 
practical working; from a number of tests made on 
concentric cables, both with vulcanised rubber and 
with paper insulation, it would appear that the poxecr 
fiutnK varies between '02 and 'i — that is to say, the 
actual work done m heating: up the insulation of 
the cable is from 2 to 10 per cent, of the i/pfiurcnf 
■mn/fSt this laTter qu^ulity being' the product of the 
applied volts and the capacity current 

The losses in edibles, or condensers with solid 
dielectrics, are generally assumed to be proportional 
to the xqtcatv of the applied potential difference, and 
this appears to be confirmed by results obtained from, 
recent tests. 
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NOTE JV. 

M IT HOD OF Drawing the Complete Vector 

Diagram for a Polvphase l^'DL'CTlo^' Motok 
, KROM Three Sets of Measurements made on 
THt Maohine. 

The three sets of mejisuremenls require'd, in order 
1hat all conditions of working- may be predetermiaed, 
are as follow*^ : 

(i) The current, volla, and true watts per phase of 
"the stator winding when the motor is running' lig"ht, 
at practically synchroiioufi speed. 

(a) The currenti volts, and true power per pha^e of 
1he stator Winding, with rotor short-circuited and held 
in fijtE>d position to prevent turning. 

(3] The resistance per phase of the stator windiag^. 

The set of readings (1) should be made with the 
full working voltage on primary terminals ; but the 
^et of readings (a) are preferably made with reduced 
T'olts at primarj' terminals, such as to allow of a 
O-irrenE not exceeding the normal full-load k:urreni 
lo pass ; in both cases the frequency must be the 
same as that for which the motor is designed, and 
on which it wi!! have to work. 

The j^eneral diagram. Fig. 95, which appeared on 
p. a68, hits been reproduced here, together with 
Fig. 95A, which explains the construction from the 
sbove data. 

Draw O A (Fig. 95^) in ii\-\\ direction, to represent 
tfie magnetising curreut when motor is running light; 
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and O B, to represent Ihe applied potential difference 
at stator terminals ; the ang^l^ between these two 
vectors being a, which must be such that cos a ^ 
the power factor, or ratio of true watts to apparent 
watts- 

Now draw B H parallel to O Aj and of such a 
length as to represent^ to the same scale as O B, the 
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volts lost in overcoming^ the ohmic resistance of the 
stator windings : it w-ill be equal to (O A) x R, 
where R stands for the resistance per phase of the 
primary winding, referred to under test (3), Join 
H O and prod uce t o K, making O K equal to O H. 
This gives us O K for the E.M.F. of self-induction 
(which, in the rotor, is balanced by the E.M-F. of 
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rolalion in Ihc magrnetic field ; w-ith the result that 
ihcrt is fio appreciable curreni in the rotor ct>n- 
ducli^rs), Tt is this pressure vector which — in 
^'^g- 9^—^^ supposed to be of constant vaJue- We 
can, therefore, draw the dolled circles, of radius 
OK or O Hf Trom the centre, O, and — under all 
cotiditEons of losd — the vector representing- the total 
induced E.M.F. per phase of the primary circuit musl 
lie on the arc cf circle described through K, while 
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its balancing- E.M.F. component of the total primary 
preH*;ure will lie on the arc of circle described 
through H. 

We will now turn our attention to the second set 
of measurements — Le-t the terminal volts and (he 
true watts corresponding to a definite primary 
current C^, obtained when the rotor is short-circuited 
and clamped m position to prevent rotation. 

Note, in the first place, that the magnetising 
■current (in the phase O A) will be so small as 
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to be neg'ligible^ being merely such a*; will induce 
ihc very low voltSf tr. m rolor, required to over- 
come the resistance of the windings. U follows 
that the Lolal primary uurrenl, Cj, is almo.st exactly 
equal and opposite to the rotor current, C^j and 
these current vectors must, therefore, be drawn 
reapei^tively in Lbe phases O H and O K, 

Now draw O D in advance of O C„ to represent 
the measured potential difference per phase at 
primacy terminals, the angle ff between the two 
vectors being such that cos ^ — the ratio of 
(measured) true watts to apparent watts, and produce 
D O to M, making M = O D. 

The vector O D may be considered as being 
made up of two components at right angles ; 
one of these. In phase with the current, and 
equal to M e^j is required to overcome ihe 
resistance of sLator and rotor win dinga, while the 
other (equal but opposite to O c^] is required to 
balance the E.M.F. of self-induclion due to the 
leakag"C magnetism which does not enter the rotor. 
In t his manner we obtain the length of the vector 
O e^ corresponding to a given secondary current, 
Cj ; end for any other value of the rotor current, this 
leakage E, M . F. vector may be assumed to vary 
directly as the current. 

Referring again to the vector e^ M, this is made 
up of two parts, M N and e^ N, representing the 
E-M, F. components required to overcome primary 
and secondary resistances respectively. It is easy to 
calculate M N, since it is equa[ to (O C,) x R, where 
R — pri mary resistance per phase, and this leaves 
e^ N, or O er for the E,M.F, required to overcome 
the secondary, or rotor resistance, (It is Enleresting to 
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t\oi& thnl wt' have, m this way, arrived at the 
equiv;ilent resistance of the rotor condviciors without 
making a direct measurement of same, which, 
irde^d, would be Impossible in the case of a 
squirrel-tagc rotor), 

111 order to complete the diaqram corresponding 
to the working conJilions when Che rotor current 
IS Cn, produce e^ M {parallel to O K) until It meets 
the dotted circle a^t E^ : drop tlie perpendicular 
Ej, f -, on to O K. and produce Ej O to R,, making 
O e": cquflE to O E ^. 

The vecior O e^ is the induced E.M.F. in rotor 
under wocklii^'^ eouditioiis antl it will require a 
magrietisirg- current O C^ to produce it^ of such a 
value ihiu O C^ bears the ^ame relatron to O A 
as O ^a bears lo O K. This en ables us to 
obtain the primary current vector O C- Now draw 
E^ E parallel to O C, and equal to (O C) x R, 
where R ^ primary rcslHtunce. Join O E : then O C 
and O E are the vectors representing the primary 
current and potential difference at terminals which 
will be required^ under working- conditions, when 
the rotor current has the vhIlie Cj ; the power factor 
being evidently l;os 9, where is the angle 
subtended by these vectors. 

In this manner the complete diagram similar to 
Fig-- gs can be constructed from the three sets of 
mcosurements referred to above ; and It is evidently 
only necessary to carry out the constructiVin for one 
mote value of the rotor current (equal to about 
3 Cj) — no additional tests being- required for this 
purpose ^ in order lo obtain three points on the 
cJrde dingram, which can then be constructed in 
'j*i/ respects as shown \p ?\g. g^ on p^ sfli 
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